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Remarks 

In view of the foregoing amendments and the following remarks, Applicants 
respectfully request reconsideration of the pending claims. Claims 1, 2, 6, 7, 9, 10, 12, 
and 13 are pending in this application, and are the subject of the present examination. 
Claims 24 through 35 have been added. 

Newly added claim 24 recites nucleic acids encoding polypeptides having one or 
more changes in amino acid sequence selected from the group consisting of substitution of 
an amino acid by a residue having similar physiochemical characteristics; inactivation of 
N-glycosylation sites; deletion or replacement of Cys residues that are not essential for 
biological activity; and inactivated KEX2 protease processing sites. Support for these 
claims is found in the specification, page 21 line 13, through page 22, line 24. 
Accordingly, Applicants respectfully submit that these claims are allowable. 

Newly added claim 25 recites polynucleotides encoding splice variants. Support 
for this claim is found in the specification, page 20, lines 8 through 6, in Example 8, and in 
SEQ ID N0s:5, 6, and 7. Newly added claim 26 recites a polynucleotide encoding a 
polypeptide comprising amino acids 51 through 188 of SEQ ID N0:3 (i.e., a polypeptide 
lacking the prodomain). Support for this claim is found in the specification, page 18, lines 
15 through 17, and page 20, lines 1 1 through 14. 

In reviewing the figure sent in with the Response to Restriction Requirement, 
Applicants noted that there was an error in the correlation of the name of the polypeptide 
and the SEQ ID number; a corrected figure is enclosed herewith. Applicants further note 
that the region of identity between the four polypeptides spans amino acids 63 through 192 
of SEQIDN0:3. 

Applicants respectfully requests that the Examiner reconsider the restriction 
requirement as it relates to SEQ ID NOs:8, 9, and 10. Applicants notes the Examiner's 
assertion in the present Office Action that nucleotide sequences encoding different 
proteins are structurally distinct compounds, and the implication that the polypeptides of 
SEQ ID N0s:3, 5, 6 and 7 are different proteins. However, TDZ.l, TDZ.2 and TDZ.3 are 
in fact splice variants of DL-l zeta, as discussed in Example 8 of the present specification. 
The splice variant-encoding polynucleotides (i.e., SEQ ID NOs:8, 9 and 10) do not encode 
different proteins than does SEQ IDNO:l, but simply variants of IL-1 zeta that result from 
alternate splicing. At worst, the splice variants might be regarded as species within the 
genus of IL-1 zeta polypeptides. 
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Nevertheless, in an effort to be cooperative and speed allowance of the claims, 
Applicants have amended the claims to remove references to non-elected sequences, 
without prejudice. Applicants specifically reserve the right to reintroduce claims directed 
to these polynucleotides if the restriction requirement is withdrawn. Alternatively, if the 
restriction requirement is maintained. Applicants reserve the right to pursue claims to the 
non-elected SEQ ID NOs in a divisional application or applications. 

Obiections to the claims 

Claims 1 through 2 are objected to as reciting non-elected SEQ ID NOs. As 
described above, Applicants have amended the claims, without prejudice, to remove 
reference to non-elected SEQ ID NOs; accordingly, Applicants request that the objection 
be withdrawn. 

Claims 9 through 10 are objected to for allegedly being directed to non-statutory 
subject matter in reciting 'host cells, which are alleged to encompass cells expressing IL-1 
zeta polypeptides as found in nature. Applicants note that those of ordinary skill in the art 
would not regard a 'host cell transformed or transfected with. . . ' as encompassing cells 
expressing IL-1 zeta as found in nature. Nonetheless, in an effort to be cooperative and 
speed allowance of the claims, Applicants have amended the claims to refer to 'isolated' 
cells; accordingly, Applicants request that the objection be withdrawn. 

Re jections under 35 U.S.C. § 112 

Claims 1, 2, 6, 7, 9,10, 12 and 13 stand rejected under 35 USC § 112, first 
paragraph, because the specification, while being enabling for an isolated polynucleotide 
comprising the sequence set forth in SEQ ID NO: 1 encoding the polypeptide of SEQ ID 
N0:3, a vector comprising said polynucleotide, a host cell comprising said vector, and a 
method of producing the encoded polypeptide, allegedly does not enable an isolated 
polypeptide that hybridizes to the polynucleotide of SEQ ID N0:1 that binds to an IL-IR 
family member, or an isolated polynucleotide that encodes a polypeptide that is 80% 
identical to the polypeptide of SEQ ID N0:3. According to the Examiner, the 
specification does not enable a person skilled in the art to which it pertains to make or use 
the invention commensurate with the scope of the claims. 

The Examiner further asserts that the specification does not provide the requisite 
examples or representative number of different sequences that would allow the skilled 
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artisan to produce the claimed polynucleotides. According to the Examiner, the issue here 
is the breadth of the claims in light of the predictability of the art as determined by the 
number of working examples. In support of the rejection, the Examiner cites Ex parte 
Forman (230 USPQ 546; BPAI 1986) and In re Wands, setting forth the factors to be 
considered in determining whether the amount of experimentation required for the practice 
of an invention is to be regarded as undue (858 F 2d. 731, 737, 8 USPQ2d 1400, 1404, 
CAFC 1988). Applicants respectfully disagree with the basis of the rejection. 

The first factor set forth in In re Wands is the amount of experimentation required. 
As discussed in both In re Wands and Ex parte Forman, a determination of what 
constitutes undue experimentation is not merely quantitative, since a considerable amount 
of experimentation is permissible if it is merely routine. The present specification 
provides a very extensive disclosure of variants of the presently claimed IL-1 zeta 
polynucleotides (see pages 16 through 26), and moreover provides an assay by which one 
of ordinary skill in the art can determine the activity of an IL-1 zeta polypeptide (see 
Example 7, at page 60). The techniques used to make variants are well known in the art. 
Thus, to make the described and claimed variants and test them for the ability to bind to 
cells expressing IL-1 zeta receptors is a matter of routine experimentation, of which a 
considerable amount is permissible. 

With respect to the second factor set forth in In re Wands, the amount of direction 
or guidance presented. Applicants reiterate the extensive teaching of the specification as 
discussed above. Moreover, those of ordinary skill in the art to which the presently 
claimed invention pertains are aware of a large body of information with respect to IL-1 
family members. In teaching the relationship of IL-1 zeta to other IL-1 family members, 
the specification provides additional guidance to one of ordinary skill in the art with 
respect to structure and function of this novel IL-1 family member (see, for example, the 
discussion of full-length versus mature proteins, and the presence of a prodomain versus a 
classic signal peptide at page 18, lines 7 through 21). 

Applicants have also provided working examples, the third factor set forth in In re 
Wands. In addition to providing three examples of variants that hybridize to the 
polynucleotide of SEQ ID NO:l (namely the splice variants of SEQ ID N0s:5, 6 and 7), 
Applicants have provided an example of binding to a cell expressing IL-1 zeta receptor 
(see Example 7). Applicants respectfully note that, in light of the restriction requirement 
that is being maintained in the present case, it would be burdensome for Applicants to 
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disclose additional examples of IL-1 zeta polypeptides which would also apparently be 
regarded as distinct species. 

As to the nature of the invention (the fourth factor in In re Wands), while the 
present invention and those described in the patent application at issue in Ex parte Forman 
might be regarded as falling under the broad umbrella of biotechnology, Applicants note 
that Forman et al., in contrast to Applicants, relied on techniques that were not, at the time 
the application was filed, well known or straightforward. Forman et al. also were not able 
to provide a precise structure for their claimed invention, as it relied on mutants of a 
bacterium. Salmonella typhi. The present invention, while differing structurally from that 
of Wands et al. (in being a cytokine rather than an antibody), shares important factors set 
forth in Wands, which are regarded as providing a basis for enablement of numerous 
species within a particular genus of biotechnological invention, namely readily enabled 
starting materials and methods well known in the art (neither of which were taught be 
Forman et al.). 

The fifth factor set forth in In re Wands is the state of the prior art, which 
Applicants submit was quite advanced at the time the present application was filed. As 
evidence of this, Applicants submit herewith as Exhibit 1 an article by Smith et al. (7. Biol. 
Chem. 275(2): 1169; 2000), describing four new members of the IL-1 superfamily. On 
page 1 170, under the subheading Structure Modeling, Smith et al. discuss the structure 
modeling of the EL-l superfamily utilizing a sequence alignment based on that known in 
the art for the IL-l's and IL-1 8, and implementing several programs that were also known 
in the art to further analyze and compare the structural aspects of IL-1 superfamily 
members (see Exhibit 2 for publication dates and abstracts for these references; copies will 
be provided at the Examiner's request). In Figure 1, the sequence alignment of IL-1 
epsilon (referred to in Smith et al. as FIL-le or FIL-le) is compared to other IL-1 
superfamily members, which allows one of ordinary skill in the art to predict the beta 
strands of IL-1 epsilon. A similar analysis for the presently claimed IL-1 family member 
is within the purview of one of ordinary skill in the art. Moreover, as shown in Figure 3 of 
Smith et al., the amino acid sequence of IL-1 epsilon can be folded into a structure that 
superimposes well onto the crystal structure of IL-1 alpha and IL-1 beta, with minimal 
energy violations. Applicants respectfully submit that the amino acid sequence encoded 
by the presently claimed polynucleotides can also be subject to such structural analysis. 

Additionally, there have been several studies mapping receptor-binding sites of IL- 

1 family members by site-directed mutagenesis, as discussed in Evans et al. (J. Biol. 
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Chem. 270(19): 1 1477; 1995, enclosed herewith as Exhibit 3). Those of ordinary skill in 
the art could, by the application of routine experimentation, carry out similar studies, and 
verify the receptor binding sites for IL-1 zeta. Moreover, the crystal structure of IL-1 
receptor complexed with IL-1 beta has been deduced (Vigers et al., Nature 386:190; 1997, 
Exhibit 4), as has the crystal structure of IL-1 receptor complexed with IL-lra (Schreuder 
et al., Nature 386:194; 1997, Exhibit 5). Such studies, performed using methods that are 
known in the art, can be similarly applied to IL-1 zeta, allowing one of ordinary skill in the 
art to prepare a genus of IL-1 zeta polynucleotides that hybridize to that of SEQ ID N0:1 
and encode an IL-1 zeta polypeptide that binds to a cell expressing IL-1 zeta receptor, as 
well as polynucleotides that encode polypeptides that are at least 95% identical to that of 
SEQ ID NO:3, and that bind to cells expressing IL-1 zeta receptors. Thus, Applicants 
respectfully submit that any characterization of IL-1 zeta that might be necessary for the 
practice of the claimed invention is within the purview of one of ordinary skill in the art. 

As regards the level of ordinary skill in the art, the sixth factor enumerated in In re 
Wands, Applicants submit that, in the art of molecular biology, the level of skill of one 
regarded as being of ordinary skill is very high, and knowledge of a variety of 
sophisticated techniques and methods is presumed. Thus, one of ordinary skill in the art is 
well-versed in the techniques disclosed in the present specification, and with the types of 
characterization discussed in the Exhibits included herewith. Moreover, those of ordinary 
skill in the art are prepared to conduct experimentation to analyze, make and test BL-l zeta 
variants, and regard such experimentation as routine, as demonstrated by the references 
submitted herewith. 

The seventh factor articulated in In re Wands relates to the predictability of the art 
to which the invention pertains. The field of molecular biology has advanced greatly since 
the subject applications of Ex parte Forman and In re Wands were filed. Moreover, rather 
than being reliant on the potentially capricious nature of organisms (which may require a 
deposit for enablement purposes), the present invention is based on a precisely identified 
chemical structure, an IL-1 zeta polynucleotide. At the time the present application was 
filed, structure/function relationships, particularly as they relate to the IL-1 family of 
polypeptides, were becoming better understood. Thus, the teaching of the present 
specification in combination with that which was well known in the art allows one of 
ordinary skill in the art to make reasonable predictions as to effects of changes in the 
primary structure of an IL-1 zeta polypeptide on the function thereof. 
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Regarding the final factor set forth in In re Wands, the breadth of the claims, 
Applicants respectfully submit that to limit the claimed invention to the exact EL-l zeta 
polynucleotide of SEQ ID NO:l when it is well within the knowledge of those skilled in 
the art to use routine experimental techniques to make and test a genus of IL-1 zeta 
polypeptides would unfairly limit Applicants' claims. Since the specification, in 
combination with the knowledge of those skilled in the art, teaches how to make IL-1 zeta 
polynucleotides that hybridize to the polynucleotide of SEQ ID N0:1 and encode 
polypeptides that bind cells expressing IL-1 zeta receptors, and polynucleotides encoding 
polypeptides 95% identical to a native IL-1 zeta polypeptide (i.e., that encoded by the 
polynucleotide of SEQ ID NO:l) and that bind to cells that express DL-l zeta receptors, the 
specification enables the subject claims. Any requirement that Applicants limit the claims 
to specific polynucleotides does not adequately protect Applicants in view of the scope of 
the invention and the disclosure, and the level of skill in the art. 

Moreover, the PTO has made it clear that the teaching required to support claims 
encompassing a number of molecules which are further limited by reciting an operable 
activity, is satisfied if the disclosure teaches how to make a candidate molecule and how to 
test the candidate molecule for the activity. Ex parte Mark 12 USPQ2d 1904 (BPAI 
1989). 

Accordingly, one of ordinary skill in the art could, at the time the instant 
application was filed, use the disclosed sequence information together with techniques that 
were known in the art, to predict a structure for IL-1 zeta. Moreover, one of ordinary skill 
in the art could, at the time the application was filed, use the crystal structure of DL-l 
complexed with receptor or antagonist to predict which residues are important for receptor 
binding. Furthermore, one of ordinary skill in the art could, at the time the application was 
filed, use the known mutational analysis of IL-1 to predict residues important for activity 
of IL-1 zeta. Applicants respectfully submit that this characterization would allow one of 
ordinary skill in the art to predict variants of IL-1 zeta that would be likely to retain 
activity. Additionally, Applicants have described an assay that can be used to evaluate IL- 
1 zeta activity; thus, to prepare and test these variants would be a matter of routine 
experimentation. Accordingly, the claims are enabled and Applicants request that the 
rejection be withdrawn. 

Claims 1, 2, 6, 7, 9-10, 12 and 13 stand rejected under 35 USC § 1 12, first 

paragraph, as allegedly containing subject matter which was not described in the 
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specification in such a way as to reasonably convey to one skilled in the relevant art that 
the inventor(s), at the time the application was filed, had possession of the claimed 
invention. The Examiner asserts that the structure of polynucleotide sequences capable of 
hybridizing to the polynucleotide of SEQ ID NO: 1 are not defined, and further that the 
structure of a nucleotide sequence encoding a polypeptide sequences have 80% identity to 
a polypeptide encoded by SEQ ID NO: 1 is also not defined. The Examiner recites Fiers v. 
Revel 25 USPQ2d 1601, 1606 (CAFC 1993) and Amgen Inc. v. Chugai Pharmaceutical 
Co. Ltd, 18 USPQ2d 1016 (CAFC 1991) in support of the proposition that the nucleic acid 
itself is required. The Examiner concludes that, in University of California v. Eli Lilly and 
Co. (43 USPQ2d 1398, CAFC 1997), the court held that a generic statement which defines 
a genus of nucleic acid only by their functional activity does not provide an adequate 
written description of the genus. 

At die outset. Applicants respectfully submit that the claims are not directed to 
nucleic acids described solely by function. Claim 1 recites polynucleotides capable of 
hybridizing to the polynucleotide of SEQ ID N0:1; as amended, the conditions under 
which hybridization occurs are stringent. The only polynucleotides that will hybridize to 
that of SEQ ID N0:1 under such conditions are those that share sufficient structure (i.e., 
sequence) with the polynucleotide of SEQ ID N0:1. Moreover, those of ordinary skill in 
the art are aware that, due to degeneracy in the genetic code, numerous polynucleotides 
(referred to as degenerate sequences) can encode the polypeptide of SEQ ID N0:3. 
Polynucleotides encoding polypeptides at least 95% identical to that of SEQ ID NO:3 are 
structurally related to these degenerate sequences in that they cannot vary to a degree that 
the encoded polypeptides vary more than is claimed. Thus, both claims 1 and 2 include 
structural elements (hybridization or percent identity) as well as functional elements (i.e., 
encoding a polypeptide that binds a cell expressing IL-1 zeta receptor) to describe the 
claimed polynucleotides. 

While a listing of all polynucleotides that satisfy the structural elements of the 
claims could be prepared by one of ordinary skill in the art given the disclosure of the 
instant specification, AppHcants respectfully submit that such a listing is not the only, or 
even the best, way to disclose a genus of IL-1 zeta polynucleotides. Moreover, the Federal 
Circuit has rejected the proposition that polynucleotides (or polypeptides) must be 
described by sequence in a series of recent cases. In Enzo Biochem v. Gen-Probe, the 
Federal Circuit summarized its holding in Lilly, then stated that: 
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[I]t is not correct, however, that all functional descriptions of genetic material fail 
to meet the written description requirement. [T]he written description 
requirement can be met by "show[ing] that an invention is complete by disclosure 
of sufficiently detailed, relevant identifying characteristics . . A.e., complete or 
partial structure, other physical and/or chemical proporiits. Junctional 
characteristics when coupled with a known or disclosed correlation between 
function and structure^ or some combination of such characteristics." 

Enzo, 63 USPQ2d at 1613 (quoting the Patent and Trademark Office [PTO] 
Guidelines on Written Description, 66 Fed. Reg. At 1 106) (emphasis supplied by the 
Federal Circuit). Again quoting the Guidelines, the Federal Circuit noted that the PTO 
included hypothetical examples based on the facts of Eli Lilly in its Synopsis of 
Application of Written Description Guidehnes, one in which the description requirement 
is not met (Example 17, at 61-64), and a contrasting example in which genus claims to 
nucleic acids based on their hybridization properties were determined to be adequately 
described if the nucleic acids hybridize under highly stringent conditions to known 
sequences because such conditions dictate that all species within the genus will be 
structurally similar (see Example 9, at 35-37), 

In Amgen Inc. v. Hoechst Marion Roussel Inc., 65 USPQ2d 1385 (CAFC 2003), 
the court stated that in Ento "we clarified that Eli Lilly did not hold that all functional 
descriptions of genetic material necessarily fail as a matter of law to meet the written 
description requirement; rather, the requirement may be satisfied if in the knowledge of 
the art the disclosed function is sufficiently correlated to a particular, known structure." 
Amgen, 65 USPQ2d at 1398. 

Moreover, as discussed above in response to the Examiner's rejection of the claims 
under 35 USC § 1 12, first paragraph, as not being enabled, one of ordinary skill in the art 
could, at the time the instant application was filed, use the disclosed sequence information 
together with techniques that were known in the art, to predict a structure for IL-1 zeta. 
Moreover, one of ordinary skill in the art could, at the time the application was filed, use 
the crystal structure of IL-1 complexed with receptor or antagonist to predict which 
residues are important for receptor binding. Furthermore, one of ordinary skill in the art 
could, at the time the application was filed, use the known mutational analysis of IL-1 to 
predict residues important for activity of IL-1 epsilon. Applicants respectfully submit that 
this characterization provides sufficient correlation of structure with function to satisfy 
requirements for written description. Accordingly, the subject matter Applicants regard as 
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their invention is described in such a way as to demonstrate possession of the genus of IL- 
1 zeta polynucleotides claimed, and Applicants request that the rejection be withdrawn. 

Re jections under 35 U>S.C> § 102 

Claims 1, 2, 6, 7, 9, 10, 12 and 13 stand rejected under 35 USC § 102(e) as being 
allegedly anticipated by Yang Pan (U.S Patent 6,1 17,654). According to the Examiner, 
Pan teaches an isolated nucleic acid that shares 68.3% identity to the polynucleotide of 
SEQ ID N0:1, a vector comprising such nucleic acid, a host cell comprising the vector 
and a method of producing the encoded polypeptide. Moreover, the Examiner asserts that 
the encoded polypeptide of Pan binds to an IL-1 family member. Applicants respectfully 
disagree that Pan anticipates the claimed invention. 

Applicants have amended claim 1 to recite a polynucleotide that is capable of 
hybridizing to the polynucleotide of SEQ ID N0:1 under conditions of high stringency 
wherein the polypeptide encoded by the polynucleotide binds a cell expressing IL-1 zeta 
receptor. Applicants respectfully submit that the nucleic acid of Pan would not hybridize 
to the polynucleotide of SEQ ID N0:1 under highly stringent conditions. Accordingly, 
claim 1 is not anticipated by Pan. 

Claim 2 has been amended to recite a polypeptide comprising SEQ ID N0:3; a 
polypeptide that is at least 95% identical to a polypeptide of SEQ ID N0:3 and that binds 
a cell expressing DL-l zeta receptor; and a fragment of the aforementioned polypeptides, 
wherein the fragment binds a cell expressing IL-1 zeta receptor, and further wherein the 
fragment comprises amino acid 51 through 188 of SEQ ID N0:3. Accordingly, claim 2 is 
not anticipated by Pan. 

Moreover, claims 1 and 2 have been amended to recite binding to cells expressing 
an IL-1 zeta receptor. Applicants note that Pan discloses that the polypeptide they refer to 
as Tango 77 may bind to the IL-1 receptor or to a novel receptor. Pan neither teaches nor 
discloses cells expressing IL-1 zeta receptors. Accordingly, neither claim 1 nor claim 2 is 
anticipated by Pan. 

The remaining claims, being dependant on claims 1 and 2, incorporate the 
aforementioned amendments and are thus also not anticipated by Pan. Accordingly, 
Applicants request that the rejection be withdrawn. 
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CONCLUSIONS 

Claims 1, 2, 6, 7, 9, 10, 12, 13, and 24 through 35 are now pending in the 
application and are believed to be in condition for allowance. If the examiner has any 
questions or concerns about the present claims, she is asked to contact the undersigned at 
the direct dial number given below, to facilitate prosecution and speed allowance of the 
claims. 



Immunex Corporation 
Law Department 
51 University Street 
Seattle, WA 98101 
Telephone (206) 587-0430 



Respectfully submitted. 




Patricia Anne Perkins 
Agent for Applicants 
Registration No. 34,693 
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PileUp of: @/tmp/GCGRMIServer/199.238.129.56- 
1059057194245. pileup/pileup. list 

Symbol comparison table: GenRunData:blosum62 .cmp CompCheck: 1102 

GapVJeight: 8 
GapLengthWeight : 2 

stdout MSF: 218 Type: P July 24, 2003 07:33 Check: 9799 



Name: TDZl (SEQ ID NO: 8) Len 

Name: TDZ2 (SEQ ID NO: 9) Len 

Name: TDZ3 (SEQ ID NO: 10) Len 

Name: ILlz (SEQ ID NO: 3) Len 



218 
218 
218 
218 



Check : 
Check: 
Check: 
Check: 



3840 
7928 
7461 
570 



Weight 
Weight 
Weight 
Weight 



1.00 
1.00 
1.00 
1.00 



// 

1 50 
TDZl MSFVGENSGV KMGSEDWEKD EPQCCLEDPA VSPLEPGPSL PTMNFVHTSP 

TDZ2 MSFVGENSGV KMGSEDWEKD EPQCCLE GP 

TDZ3 MSFVGENSGV KMGSEDWEKD EPQCCLE 

ILlz ' — MSGC DRRETETKGK NSFKKRLRGP 

51 100 
TDZl KVKNLNPKKF SIHDQDHKVL VLDSGNLIAV PDKNYIRPEI FFALASSLSS 
TDZ2 KVKNLNPKKF SIHDQDHKVL VLDSGNLIAV PDKNYIRP 

TDZ3 

ILlz KVKNLNPKKF SIHDQDHKVL VLDSGNLIAV PDKNYIRP 

■A- * ********** 



TDZl 
TDZ2 
TDZ3 
ILlz 



101 150 
ASAEKGSPIL LGVSKGEFCL YCDKDKGQSH PSLQLKKEKL MKLAAQKESA 



•k-kif-k-k-k-k-k-k'k ********** 



TDZl 
TDZ2 
TDZ3 
ILlz 



151 200 
RRPFIFYRAQ VGSWNMLESA AHPGWFICTS CNCNEPVGVT DKFENRKHIE 



+ * ********** ********** ********** ********** 



201 218 
TDZl FSFQPVCKAE MSPSEVSD 
TDZ2 
TDZ3 
ILlz 

********** ******** 



JJ^JooBNAL OF Biological CnoiasraY 

O 2000 by The American Society for Biochemistiy and Molecular Biology. Inc. 



EXHIBIT 1 



Vol. 275, No. 2. Issue of January 14, pp. 1169-1175, 2000 

Printed in U,SJL 



Four New Members Expand the Interleukin-l Superfamily* 

(Received for publication, October 15, 1999) 

aa?johnt*sl^if ^ ^ ^^-'^ Garka, 

From Immunex Corp., SeattU. Washington 98101 



We report here the cloning and characterization of 

fFITir^TrT"^^? ''^ interleukin-l (IL-1) family 
(FILIS, FILle FILl^ and FILlr,, with FILl standing for 
Family of IL-l"). The novel genes demonstrate simifi- 
cant sequence similarity to IL-1«. IL-lft IL-lra. and IL- 
IH, and m addition maintain a conserved exon-intron 
arrangement that Is shared with the previously known 
members of the family. Protein structure modeling also 
suggests that the FILl genes are related to IL-lfi and 
IL-lra. The novel genes form a cluster with the IL-ls on 
the long arm of human chromosome 2. 



The cytokine interleukin-l (IL-1)' elicits a wide array of 
biological activities that initiate and promote the host response 
to injury or infection, including fever, sleep, loss of appetite 
acute phase protein synthesis, chemokine production, adhesion 
molecule up-regulation, vasodilatation, the pro-coagulant 
state, increased hematopoiesis. and production and release of 
matrix metalloprotemases and growth factors (1). It does so by 
activating a set of transcription factors that includes NFkB and 
Al'-l, which m turn promote production of effectors of the 
mflammatoiy response, such as the inducible forms of cycloxy- 
genase and nitric oxide synthase (2. 3). Interleukin 1 activity 
actually resides in each of two molecules, IL-la and IL-lfi 
which act by binding to a common receptor composed of a 
hgand bmding chain, the type 1 IL-1 receptor, and a required 
signaling component, the IL-IR accessory protein (AcP) (4-7) 
A third member of the family, the IL-1 receptor antagonist 
(IL-lra) also bmds to the type I IL-1 receptor but fails to bring 
about the subsequent interaction with AcP, thus not only not 
signaling itself but also, by blocking the receptor, preventing 
the action of the agonist IL-ls (8. 9). Additional regulation is 
provided by the type II, or decoy, IL-1 receptor, which binds 
and sequesters the agonist IL-ls (especially IL-1/3) without 
inducing any signaling response of its own (10-13) The two 
agonist IL-ls (IL-la and lL-1/3) are synthesized as larger pre- 
cursors which undergo proteolytic removal of their pro-domains 
to generate the mature cytokines (14). At least for IL-lft this 
processing is coupled to secretion (15, 16). IL-lra, in contrast 
contains a signal peptide and is secreted by the more tradi- 
tional route through the endoplasmic reticulum (9) 
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Recently, another cytokine, interleukin 18 (17, 18) was rec- 
ogmzed to be related to the interleukin-l family based on the 
similarity of its amino acid sequence and predicted tertiary 
structure (19). IL-18 induces the production of y-interferon 
from T cells especially in combination with IL-12, and stimu- 
lates the kilhng activity of cytotoxic T lymphocytes and NK 
cells by up-regulating Fas ligand (20). Like the agonist II^ls 
IL-18 contains a prodomain that is removed by the same pro- 
tease, caspase-1, that processes IL-l^ (21. 22). Consistent with 
Its bemg related to the IL-ls, IL-18 binds a receptor which is 
homologous to the IL-1 receptor. The ligand-binding chain IL- 
IRrpl (or IL-18Ra) (23, 24) was cloned initiaUy on the basis of 
Its homology to the IL-IR (25). The signaling subunit (IL-18R6) 
was origmally named AcPL (AcP-like) for its similarity to the 
IL-IR signaling subunit (26). The IL-18 receptor subunits are 
encoded m the same gene cluster on chromosome 2 as are the 
type 1 and II IL-1 receptors (25-27). 

We have searched for novel members of the IL-1 family We 
report here the sequences and some of the characteristics of 
four genes that appear to have descended from the same com- 
mon ancestor as did IL-la. IL-1^, IL-lra, and IL-18. We pro- 
pose that these novel molecules be designated FILIS, -e, -f and 
-T), with FILl being an acronym for Family of IL-1 . 

EXPERIMENTAL PROCEDURES 
Cloning of Novel Human IL-l Family Members 

der^ls°uU??^ "^f ^"PP'r^"' "^^ general descriptions given un- 
r.ft^f !fo u "'""'"^ individual in family members. 

tlLl^K 469-base pair single-stranded ^^P-labeled PCR product 

at^2^: ^ (hybridization in 40% formamide 

at 42 C wash m 0.3 M NaCl at 55 -C). Several clones were isolated, all 
of which appeared to lack the full open reading frame by comparison 
with mouse FIL15. Vector-anchored PCR on DNA from the same Hbrar^ 
was used to isolate the remaining coding sequence. 

946205 '[;7tp^m ^" genomic library (Stratagene catalog number 
946205, in AFixII) was screened using a ^^P-labeled single-strand DNA 
probe correspondmg to the entire IL-l-like coding sequence present in 
GenBank™ EST AA030324 (hybridization in 45I forlamidf at"2 "C 
wash in 0.3 M NaCl at 63 "C). The insert from one positive plaque was 
"""^,1 1 T'" ^hybridizing region, sequencing of which then 
revealed the 3'-most exon of the human FILU gene. 5.3 kilobases of 

CLONtIcTh ^ n ^ r^" ^'^o" -ins the 

CLONTECH Human GenomeWalker kit (catalog number K1S03-]) 

Sequencing of this DNA allowed identification of tie remaining coding 
nrZ" t K^I'Tk °' co^Hr^^d by isolation of a PCR 

produc in which the predicts exons were indeed spliced, using as 
template first-strand cDNA from the cell Unes HL60 and THPl and 
from human thyrn^ tissue. Interestingly, while the original genom"c 
DNA sequence coded for glutamine at amino acid 12. cDNA clones from 
all three sources contain arginine at amino acid 12 

V,\.ri7!^~1^% ^'^i^ ^^^^^S frame was identified in a cDNA 

library made from the pancreatic tumor cell line HPT-4 

F/Z,7T^-A human genomic DNA sequenced to identify the FILlr, 3' 
exon was obtamed using the CLONTECH Human GenomeWalker kit 
(catalog number K1803-1). 
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Table I 

PGR primer sequences used for analyzing expression of novel IL-1 family member mRNA 

On some occasions, a second PCR reaction using nested primers was Derformed for F^^ u j 

are also given. ^ ^ penormea lor f 11.16 and * ILle Cycle numbers and annealing temperatures 



Molecule 

FIL16 
FIH6 
FIL16 
FIL16 
FILle 
FlUe 
FILl^ 
FILl^ 
FILlT, 
FILIt, 
FILIt, 
FILItj 



Primary 
or nested 

Primary 

Primary 

Nested 

Nested 

Primary 

Primary 

Primary 

Primary 

Primary 

IMmary 

Nested 

Nested 



Sense/anti 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 



Sequence 

GGGAGTCTACACCCTGTGGAGCTCAA 
CTGCTGGAAGTAGAAGTCTGTGATGG 
GGAGCTCAAGATGGTCCTGAGTGGGGCGCT 
GCATTCCAGCCACCATTCTCGGGAAGCT 
GACACACCTCAGCAGGGGAGCATTCAGG 
AACAGCATAGTTAACCCAAAGTCAGTAG 
TGAGATCCTATGTCAGGCTGTGATAGG 
TGCTATGAGATTCCCAGAGTCCAGGACC 
ACATCATGAACCCACAACGGGAGGCAGCAC 
CTCTATCCTGGAACCAGCCACCCACAGC 
CCAAATCCTATGCTATTCGTGATTCTCGAC 
GGATTTATTCCACAGAATCT7VAGTAGAAG 



No. cycles 


Anneal *C 


30 


58 


30 


58 


40 


60 


40 


60 


35 


60 


35 


58 



Structure Modeling 

Template sequences for structure modeling were extracted from the 
Protem Data Bank (28). A sequence alignment for the superfamily was 
generated based on that proposed by Bazan et aL (19) for the XL- Is and 
IL-18, which appeared valid by examination of both cysteine and real 
versus predicted sheet alignments. Preliminary analysis using the pro- 
gram G^ne F old (29) demonstrated that the experimentally determined 
structures for IL-1^ (Protein Data Bank designations Ihib, 2ilb liob 
litb, and 21bi) and IL-lra (Protein Data Bank designations lilr, lira' 
and ilrp) were valid templates for the new IL-1 family members FIL16, 
FILl€, and FILl^. Although the sequence identity of the new IL-l-like 
cytokines is greater to 11^ Ira. Gene Fold showed a stronger match to 
the structure of IL-1^. In addition, the various 11^1/3 structures appear 
better aligned structurally (as seen by superposition) than do the IL-lra 
structures, so both templates were used for modeling: Modeler (30) was 
used to generate a family of 20 structures for each query sequence All 
structures showed a well defined core /S-trefoil, with higher variability 
m the outer loops; the per molecule probability density function (PDF) 
used by modeler varied from 1194 to 1984. The structure with the 
lowest overall PDF violation was visualized using a variable width 
ribbon based on the per residue PDF violation and showed that the 
highest violation was in the region of highest structural difference 
between IL-lra and IL-1^. At this point the cysteine positions for the 
three models were revisited to ensure that no disulfide links were 
missed. A representative structure for each model was chosen by first 
ordering the models within a family by total PDF violation After 
discarding structures with obvious problems, such as knots, the remain- 
ing members were then superimposed onto their mean. The structure 
with the lowest all atom root mean square deviation from the mean was 
chosen as the representative structure. Finally, the models were ana- 
lyzed using Procheck (31) and it was shown that the structures are valid 
at 2.0-A resolution with no major structural problems. The structure 
models for FIL16, FILU, and FILl^ can be examined by contacting the 
authors. ^ 

Intron I Exon Mapping 

Intron placement was determined by direct cloning or amplification 
of genomic DNA from the various novel IL-1 loci. Primers were designed 
so that the PGR products overlapped one another to ensure that small 
mtrons were not overlooked. The sequence of the PGR products from 
genomic DNA was compared with the cDNA sequence in order to 
determine the exon/intron junctions. 

Chromosome Mapping 

Ghromosome mapping was performed using the Genebridge 4 radi- 
ation hybrid panel (32) (catalog number RH02.05 from Research Ge- 
netics) which consists of 93 human/hamster hybrid cell Unes. (Gnomic 
UNA from the cell lines was amplified using PGR primers specific for 
the human version of each novel IL-1 family gene. Products were 
separaLted by agarose gel electrophoresis and visualized by ethidium 
bromide staining. Each hybrid was scored in the following manner- 0 
was assigned if there was clearly no amplification; 1 was assigned 
where there clearly was amplification; a score of 2 was assigned where 
the data was ambiguous. Scores were then submitted to the Whitehead 
Institute/MIT for chromosomal assignment and placement relative to 
known framework markers on the radiation hybrid map. Scores for 
each gene are as follows: FIL15, 1000000100000000100012010010012- 



0000110110000100000000010100001000112000000010001000010001 
0100; FILJe, 1010000100001000100011011210011000011011010010 
00001000101010021011110000001000010001100010100- FILir 1010 

0001000010001000120122100100000110110100100000100010101001 
1021110000001000010001120010100; FILlrj, 1220002000100000100- 

000010010010001200011002010000000001010000010002200000010 
00010001100010100. Scores used for concomitant map placement of 
11^ la, lL-1^, and 11^ Ira were obtained from the NGBI (IL-lct X02851- 
IL-lfi, D20737 and AA150507; IL-lra, H50548, R49297, and T72887).' 

Expression Analysis 

iv^ ^'''^^^^'■^^ ^DNAs present in CLONTEGH (Palo Alto, GA) Human 
Multiple Tissue cDNA Panels I (catalog number K1420-1) and II (cat 
t^fo^.T*"^' ^1^21-1) and the Human Immune Panel (catalog number 
? K, T^^^'^ screened by PGR ampUfication using primers given in 
lable 1. The primers were designed to span introns so that products 
arismg from genomic DNA and cDNA could be distinguished. In some 
cases, nested primers were used in a second PGR reaction. The presence 
of an amplification product for each gene/tissue combination was deter- 
mined by analysis on agarose gels stained with ethidium bromide 

Alternatively, individual cell types from human peripheral blood 
were isolated from multiple donors, and stimulations were performed 
as described (33, 34, 41). In brief, NK cells were incubated with IL-12 (R 
& D Biosystems; 1 ng/ml) for either 2 or 4 h. T cells were unstimulated 
or stimulated with anti-GD3 (OKT-3 antibody, immobiUzed on plastic at 
5 fLg/m}) or with the combination of anti-GD3 and anti-GD28 (the 
anti-GD28 antibody was GK248, used in soluble form as a 1-500 dilution 
of ascites fluid), for 4 h. Monocytes were unstimulated, or stimulated 
with LPS (Sigma, 1 ^g/ml) for 2 or 3 h. B cells were unstimulated or 
stimulated with a combination of 005% SAC + 500 ng/ml CD40L trimer 
(Immunex) + 5 ng/ml IL-4 (Immunex) for 3.5 or 4 h. Dendritic cells were 
stimulated with LPS as for monocytes for 2 or 4 h. After isolation of 
RNA and synthesis of first-strand cDNA, PGR amplifications and gel 
analysis were performed as described above. 

Expression of Novel IL-1 Family Proteins for Receptor Binding 
Novel IL-1 family members, as well as control IL-1/3 and 11^18 
molecules, were generated by transfection of expression vector con- 
structs into COS cells using DEAE-dextran (35). Expression vectors 
used were PDG409 (36) for FILU and FILl^, or pDC412, a close rela- 
tive for FIL15 and FILIt,. Tlie unmodified open reading frames were 

"^^fj K^ ' ^' ^"""^ ^""'^ sequence beginning with Lys^' 

.^^^ ^ ^^ed downstream of the human immunoglobulin k 

light chain signal peptide. IL-1^, with an ATG codon added to the N 

n^^nn^^^^^ "'f^''''^ ^^''"^ (beginning with Ala"^), was expressed in 
PUG409. Human IL-18 was expressed as the mature form fused to the 
lL-7 signal peptide in the expression vector pDG206 (37). For radiola- 
behng 48 h after transfection cells were starved of cysteine and methi- 
onme for 60 min. then labeled with 70 /.Gi/ml of a [^^SJcysteine/methi- 
onine mixture (Amersham; >1000 Gi/mmol) for 4-6 h. It is perhaps of 
interest that FIL16. FILU, and FILIt^ appear to be secreted from the 
COS cells despite the absence of either signal peptide or prodomain. 
C-terminal FLAG-tagged FIL15 and -e were partially purified from the 
conditioned medium using the tags, and their N termini sequenced. The 
N-terminal amino acid of the secreted FILU was methionine 1; it had 
t>een modilied by N-terminal acetylation. The N-terminal amino acid of 
the secreted FIL16 is valine 2. Thus, there does not appear to have been 



Novel IL-1 Family Members 



1171 



rLOjra RPSCa»RSSra5A?5rT"iwWID?rrFT(^^ ( KIDVVPI CPmifUSIHQGK.KiXSCVK 

FXI.U — ^ MVLSGMCPR | lOCDSAU^tliW. .<9JAS. .GLHAOKVIIQC: | EEXSWm.lMLi]ASLSWII>C»QC3C^.QCLS0C. 

ILla SMVSFl.SNVICXIIFlfRXIIC]rEFIZKaUilQSIIIUU^ ( ICFDt£»XlCSSranuaTVILRISXTC2.L¥VIKC- 

1L18 ^maOESIOJSVIHNLNDafVXJrCDQCaiRPI^^ ) NU>RTIFIISHY1CZ]SQP . SCKAVTISVnCXKISTI^^ 

PILle HEXA I LKlurrK^tGSIQOINURVWVLQDQ. .TLIAVPRKEfWSP.V | TlALiSCRHVEXI^KDRGOTIVIJSI^rXN.LCI^^ 

FILltl MMP(yi I EhAIVSVAIRDSRQKUWVLSGN. .SI>IMFLSRSIKP.^ j TU{UJUrRI7rGPSDKEKGKHVYt/;ilXKD.t£^^ 

FILl^ ttOXiaTOEIEIISGKNSrKKKLPG | PKVXMOTKirSIHDODHKVIAttiJaG, -HIJAVra^^ j IPFALASSLS . SASAtaCGSPILLCVSKnE . PCYCtK 

ELl^ — APVR SLMCriJtDS QQK SIA«3 eP.i reiJ!Mi ^ .EQgV | VFSHSFVq GhJa^UJa U gvai/aj CTaCN . LYX-SCVL. 

n P2 p3 PA p5 (16 



TT.lra 
ILla 

ms 

PIL.U 

riLiTt 



9SDE. .TRLQLC 
W3QE. .PTLTLE 

...N, .KIISFK 
WaXJ. .PTLQLK 
ZQGK. .PTL^X. 
DKGQSHPSLQLK 

P7 



AVNITQL£E2IR^.CKHFAFIRSD9G. . irTTSFESAACFOWFLCTAMBAO. 
PVNIHELyiX;AKE. SJ<SFTFYRREMt3. .LireSFESAAYE^^ 
EZlPEXFfCriTGSE. .TNIXFFVIETHS. .TKinCFTSUAHETIU<iKrfQQO. . . 
EXMPFDNXKDTKS. .DIZFFQRSVFCIHaiiaQPESSSYXX^yFIACEKERia. 
EKDIMDLTfNOPEPV.KSFLPTHSOSG- . RNSTFESVAF«3HFIAVSSBE3G . 
EraKMDLWEICKAQ.KPFtPFHMKBS. , STSVPQSVSYPOWFIATSTTSG , 
XEKUCaAAQKESARRFFTFYRAQVG. .9«IMLC:SAAKPaHFZCTSC3iai. 
SVDPKHlf. . PKKFMEKRFVTOKIEIN- .MCLEFESaQFJWriSTSORaT- 



QPVSLTNHPDBS- . .VMVTKPYFQPDE* 
QPVRIJrQ!LJ?EWX*MAPITDFTPQQCD* 

lWVCXAOQ(>PS rr[:FQIX.QIQfV* 

pgr .Tf jnf n 1FT /apBt , . SUftlVUt^ED* 
Crajl*. .TQfJ/JCft. .MTTTPCLTMLP* 

OPtFLTWOWIT MNTHFITLDSVE- 

EPVGVTtaCPQIRFH. . lEFSPQPVCKAEKSPSEVSD- 
KPVFl/5GTtCt5GQO ITDPTMQPVSS" 
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Fig. 1. Alignment of amino acid sequences for human members of the IL-1 superfamily. The full-length predicted translation products 
are shown for FIL15, -c, and -ti, whereas the mature peptides, without prodo mains or signal peptide, are given for IL-la, IL~l/3, IL-lra, and 
IL-18. The alignment is based on that presented by Bazan et al. (19) with slight modifications- Bars above and below the sequence indicate regions 
of experimentally determined (IL-l^ and IL-lra) or proposed ^strand. The vertical lines within each sequence indicate intron positions. Some of 
these are taken from GenBank™ (/L-ia, accession number X03833; IL-l^y accesssion number X045Q0; IL-lra^ accession number X64532; lL-18, 
accession number E 17138). The rest were determined for this paper. The sequences of FIL15, FILlc, FILl^, and FILI77 have been deposited in 
GenBank"^ (accession numbers AF201830, AF201831, AF201832, and AF201833). 



cleavage of an unrecognized signal peptide or prodomain in either 
molecule. There are a number of proteins which, when transfected into 
COS cells, do not later appear in the medium, so this is not a general 
phenomenon attributable to leaky cells. However, the intracellular 
version of IL-lra (icIL-lra, a kind gift of William Arend, University of 
Colorado) also appears in the medium following transfection of COS 
cells. The significance of these findings is currently unknown. 

Receptor Binding Assays 

The novel IL^l family members, present as -labeled proteins in 
conditioned medium from transfected COS cells, were tested for binding 
to Fc fusion proteins of the IL-1 receptor superfamily members (see 
Footnote 2 for general methods)^ IL-IR type I, IL-IR AcP, IL-lRrpl, 
IL-lRrp2. IL-IR AcPL, andTyST2 as follows: 0.5-1.0 ml of conditioned 
medium was pre-cleared for 2 h at 4 'C with 50 ptl of protein G- 
Sepharose (Amersham Pharmacia Biotech; 50% solution in phosphate- 
buffered saline) containing 1% Triton X-100, 0.02% NaNg, and protease 
inhibitors (Roche Molecular Biochemicals catalog number 1 836 145). 
After a brief spin (3 min, 1000 rpm), the supernatant was transferred to 
a fresh tube and incubated overnight at 4 "C with 1 fi.g of receptor/Fc 
fusion protein plus another 50 /aI of protein G-Sepharose. The mixture 
was centrifuged briefly, and the supernatant mixed with 0.5 ml of 
phosphate-buffered saline containing 5% glucose and protease inhibi- 
tors and spun again. The pellet was washed four times with 1 ml of a 
solution containing 0,4 M NaCl, 0.05% SDS, 1% Nonidet P-40, and 
protease inhibitors, and resuspended in 25 ^1 of 2 X reducing sample 
buffer (Zaxis, catalog number 220-2110106). Samples were run on 
4—20% Tris glycine gels (Novex) and autoradiographed. 

RESULTS 

The four previously known members of the IL-1 family (IL- 
la, ILf-1/3, IL-lra, and IL-18), while possessing a low overall 
fractional amino acid identity, share certain common amino 
acid sequence motifs, the most obvious of which can be sum- 
marized as F(Xio_i2)FXS(AVS)XX(PE)X7£:(FY)(LI)(CAS)(TC) 
where X is any amino acid, and parentheses indicate that one 
of the included amino acids is present at that position. There 
are similarities in intron placement within the family as well. 
Relying on the sequence similarity, we searched public EST 
data bases and found sequences corresponding to three novel 
IL-1 family members, described below as FIL15, FILle, and 
FILl^. A fourth novel family member, described below as 
FILItj, was originally revealed in a published patent applica- 
tion. Examination of the sequence (called IL-1 6 by the inven- 
tors) in the patent application suggested that it was derived 
from an aberrantly spliced mRNA. We searched for and found 



^ Bom, T. L., Morrison, L. A, Esteban, D. J., VandenBos, T., The- 
beau, L. G., Chen, N., Spriggs, M. K., Sims, J. E., and Buller, M. L. 
(2000) J. ImmunoL , in press. 



an alternative form of mRNA that contains the conserved fam- 
ily sequence motif in the extreme 3' exon. A brief description of 
the cloning and characteristics of each of the family members is 
given below. The sequences, and a comparison with the previ- 
ously known IL-1 superfamily members, are given in Fig. 1. 

FILld 

A search of GenBank^*^ revealed a murine EST, accession 
number W08205, that resembled the known XL- Is but was not 
identical to any. The IMAGE clone corresponding to the EST 
was sequenced and found to contain the entire open reading 
frame of an IL-1 -like molecule. Unlike the known family mem- 
bers, this novel polypeptide (called FIL15) appeared to contain 
neither a signal peptide nor a prodomain at the N terminus. A 
human FIL15 cDNA was then isolated from a human placenta 
cDNA library, using mouse FIL15 as a probe. The human 
sequence predicted an open reading frame similar to that of 
mouse FIL16. Multiple FIL15 cDNA clones from both species 
were subsequently isolated, and all had the same predicted 
open reading frame, with no evidence for isoforms containing 
either signal peptide or prodomain. Interestingly, among the 
cDNA clones from both species were found several different 
5 '-untranslated region sequences (data not shown). These dif- 
ferent 5' sequences appear to derive from separate exons, in 
that they can be found (separately) in genomic sequence up- 
stream of the FlLlS coding region, and have potential splice 
donor sites at their 3' ends. Presumably the FIL18 gene is 
transcribed from at least two promoters. 

FILle 

A later search of GenBank™ revealed a murine EST, acces- 
sion number AA030324, that resembled a second novel IL-1 
family member. Sequencing of the IMAGE clone corresponding 
to the EST showed an open reading frame that appeared to 
encode the C- terminal portion of an IL-1 molecule, but which 
could not be extended in the 5' direction. The mouse sequence 
was used to probe a human genomic library, and a positive 
clone was identified and the insert sequenced- The sequence 
revealed a 212-base pair region with homology to the 3 '-most 
exon of mouse FILle. There was a potential splice acceptor site 
at the 5' end of this region, and a stop codon at . the 3' end of the 
70-amino acid open reading frame. More human genomic DNA 
to the 5' side of this open reading frame was then isolated and 
sequenced, revealing three additional putative exons with se- 
quence similarity to the mouse EST and to other ILrl family 
members. On the assumption that the four putative exons were 
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spliced to form a single coding region, PGR primers were de- 
signed and used successfully to amplify the predicted product 
from several different human RNA sources. As for FIL16, the 
predicted FILle reading frame contains neither a signal pep- 
tide nor a prodomain. 

FILH 

A third EST, accession nimxber AIO 14548, was found in Gen- 
Bank™ that appeared to encode an ILr-l-like molecule. How- 
ever, further sequencing revealed that the corresponding (hu- 
man) IMAGE clone contained a stop codon upstream of the 
open reading frame but no initiating methionine. Screening of 
two other cDNA hbraries resulted in isolation of a second, 
distinct aberrant clone, as well as a clone that contained an 
open reading frame that did begin with a methionine and that 
extended for 192 amino acids. This last clone was named FILl^. 
Sequence comparison with other family members suggests that 
FILl^ has a prodomain of some 15—30 amino acids. 

Analysis of genomic DNA demonstrated that an intron hes 
between the nucleotides encoding the 23*"** and 24*"** amino acids 
of the 192 amino acid open reading frame form (see Figs. 1 and 
4). The stop codon-containing sequences found in the aberrant 
cDNA clones lie within this intron, and appear to be incorpo- 
rated into mRNA by cryptic splicing events. Since we had found 
three different cDNA isoforms for FILl^, only one of which 
appeared to contain a functional open reading frame, it was 
important to determine the relative levels of the different tran- 
scripts. This was done by designing PGR primers that would 
amplify and distinguish the three isoforms, and using them to 
examine expression in a panel of first-strand cDNAs. The (pre- 
sumably functional) FILl^ transcript was found in lymph node, 
thymus, bone marrow stroma, lung, testis, and placenta (Table 
If). We could not detect the form of mRNA represented by the 
EST in any tissue, whereas that represented by the other form 
of **aberrant" mRNA was present in bone marrow stroma (from 
which we had originally isolated it), lung, and placenta but not 
in the other tissues (not shown). The mRNA encoding that form 
appeared to be much less abundant than the functional FILl^ 
mRNA. 

FILl-q 

A cDNA clone containing part of the FILIt) sequence was 
originally identified in an osteoclastoma library (38). The DNA 
sequence presented in this document appeared to encode the 
N-terminal half of an IL-l like molecule, which then diverged 
in the C-terminal portion. Since the C-terminal regions of the 
different IL-l family members contain the greatest sequence 
conservation, including the motif described above, and since 
the point of divergence lay exactly at the position of a conserved 
intron in the IL-l family (see below), we searched for an alter- 
native transcript that might encode a more typical member of 
the family. 

PGR with first strand cDNA templates from various tissue 
sources, using primers lying entirely within the 5 '-half of the 
osteoclastoma coding sequence (38), gave products from tonsil, 
bone marrow, heart, placenta, lung, testis, and colon. Only very 
faint bands were obtained, and only in tonsil and testis, when 
a 5' primer from the 5 '-half and a 3' primer from the 3 '-half of 
the osteoclastoma coding sequence were used, consistent with 
our interpretation. Human genomic DNA containing the 5 '-half 
of the osteoclastoma sequence and extending further down- 
stream was then isolated and sequenced. A putative exon was 
found 823 base pairs downstream of the point of divergence of 
the osteoclastoma sequence from other family members; this 
putative exon contained the expected sequence motifs for the 
C-terminal portion of an IL-l family member, as well as a 



Table II 

Expression data for novel IL-l family members 

The table summarizes all available expression data on the novel IL-l 
family members. *— ** indicates that the mRNA was looked for but not 
found; a blank space indicates that the analysis was not done for that 
particular gene/RNA combination. Positive resiilts were derived as 
follows: "a", by PGR analysis from a panel of first strand cDNAs (Clon- 
tech); by cDNA library screening; by the existence of an EST; 
"d", by PGR analysis of an individual RNA "e" indicates that expression 
of the gene was increased by LPS. In the source column for tissues, 
"pool" was a mixture of fetal lung, testis, and B cell. In the source 
column for human cell lines, MoT and HUT102 are T-cell lines; Raji is 
a B cell line; THP-1 and U937 are macrophage lines; IMTLH is an 
unpublished bone marrow stromal cell line, derived at Immimex; HL60 
is an early hematopoietic precursor line; HPT -4 is a pancreatic tumor 
line; T84 is a colon tumor line. For FIL16 in lung, (a) indicates that the 
PGR product lacks exon 2. The PGR products for FIL15, FILle, and 
FILIt) were especially strong from tonsil RNA, while that for FILl^ was 
strong in placenta and testis. 

Source FILlS FILle FILl^ FILItj 

Human tissue 



Spleen 




a 






Lymph node 


a 


a 


a 




Th3Tnus 


a 


a 


a 




Tonsil 


a 


a 




a 


Bone marrow 




b 


a,b 


a 


Fetal liver 










Leukocjrte 




a 






Heart 








a 


Brain 


a 








Placenta 


a,b 




a 


a 


Lung 


(a) 




a 


a 


Liver 










Skeleton muscle 


a 








Kidney 










Pancreas 










Prostate 


a 








Testis 


a 




a 


a 


Ovary 










Small intestine 










Colon 








a 


Fetal brain 




b 






NK cells 


b 








Parathyroid tumor 


c 








Colon tumor 






c 




Pool 






c 





Human cell lines 



Mo-T 




b 




HUT- 102 




b 




Raji 




b 




THP-1 




d 


d 


U937 






d,e 


IMTLH 




d 


d 


HL60 




d 


d 


HPT-4 




b 


b 


T84 




b 




Mouse tissue 








Spleen 


d,e - 


d,e 




Kidney 


b 






Placenta/yolk sac 


d 


c 




Embryo 


c 






Stomach 


c 


c 




Tongue 


c 


c 




Skin 


c 






Mouse cell lines 








Macrophage (RAW) 


d,e 


b,d,e 





potential splice acceptor site at its 5' end. PGR primers de- 
signed to amplify a hypothetical cDNA formed by splicing of the 
5' portion of the osteoclastoma sequence with this 3' exon did 
indeed give a product from human tonsil first strand cDNA, 
which when sequenced contained the predicted 157-amino acid 
open reading frame. The open reading frame, and the gene 
encoding it, were named FIL1t|. Like FILIS and FILle, FILIt] 
does not contain an apparent signal peptide or prodomain. 
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Table III 
Sequence identity 
The numbers represent percent sequence identity between the indi- 
cated ILrl superfamily members, as determined by using the program 
"gap" (Wisconsin Package Version 10.0, Genetics Computer Group 
(GCG)), For Il^lot, IL-1^, IL-IS, and IL-lra, the mature peptide Gack- 
ing signal sequence or prodomain) was used for the comparison. For 
FILl^, the mature form was assumed to start with Lys27, based on 
primary sequence aUgmnent and analysis of predicted eigfat-dimen- 
sional structure, and this sequence was used. 

IL-la IL-ip IL-lra IU18 FILlS FILU FILl^ FILIt, 



IL-la 

IL-lra 

11^18 

FILIS 

FILl€ 

FILl^ 

FILItj 



24 



20 
31 



21 
17 
22 



20 


23 


21 


26 


32 


27 


24 


32 


50 


30 


29 


30 


27 


20 


21 


21 




31 


35 


37 






36 


46 








44 




FIL15 



I Lira 



FIL1C 



FIL1e 



FIL1T1 



IL18 



!L1p 



IL1a 

Fig. 2, Dendrogram Ulustrating the relationship between 
members of the IL-1 superfamily. The dendrogram was generated 
by the program Treeview (40) using the amino acid sequence alignment 
produced by the program Pileup (Wisconsin Package Version 10 0 
Genetics Computer Group (GCG), Madison, WI). 



A Gene Family 

Sequence Comparison—The novel members of the IL-1 fam- 
ily are approximately as similar to one another in sequence as 
they are to the classical IL-ls; this level of identity is in turn 
similar to that shown by the classical IL-ls among themselves. 
Typically any given pair of family members shows 20-35% 
sequence identity (Table III). Those that stand out as being 
more similar to one another than average are FIL15/IL-Ira 
FILle/T^ILlT,, and FILU/FILI77. These relationships can also 
be seen in the dendrogram presented in Fig. 2, in which it 
appears that IL-la, IL-1/3, and IL-18 form one sequence sub- 
family; FILle, FILl^. and FIHt, form a second subfamily, and 
IL-lra and FILIS form a third. The novel members can easily 




Fig. 3. Structure models. Structural models of IL-1^ and FILlt 
were generated as described under "Experimental Procedures " The 
figure shows views looking down the opening of the barrel in the 
^-trefoil structures, as well as views of the models rotated by 90° along 
the X axis. Yellow, /3-strand; green, coil; blue, /3-turn. 

be placed onto the structure-based sequence alignment pre- 
sented by Bazan et aL (19) (Fig. 1). 

Three-dimensional Protein Structure Prediction The struc- 
tures of FILIS, FILl€, and FILl^ have been modeled using as 
templates the experimentally determined structures of IL-1/3 
and IL-lra. The novel IL-1 superfamily member amino acid 
sequences could with minimal energy violations be folded into 
structures which superimpose well onto the IL-1^ and IL-lra 
crystal structures. In particular, the core 12-stranded, j3-trefoil 
structure appears well conserved (see Fig. 3 for FILl^). The 
major points of difference between the FIL16, FILle, and FILl^ 
models, and between them and the experimental structures, lie 
in the loops connecting the /3 strands, where IL-1/3 and IL-lra 
also differ most from each other. 

Genomic Structure — The known genes of the IL-1 family 
display a conserved pattern of intron placement and intron/ 
exon junctions, clearly indicating their derivation from a com- 
mon ancestor. The novel IL-1 family members presented here 
demonstrate the same pattern. The most C-terminal intron in 
the coding region always falls between codons, and lies imme- 
diately after the predicted j3-strand 7. By analogy to the struc- 
ture of the IL la and IL-lfi genes, we have called this intron 5, 
even though the rest of the family has only three introns within 
the coding sequence (except IL-lS, which has four). Intron 4 
(the intron N-terminal to intron 5) falls between the first and 
second nucleotides of the codon, and lies just N-terminal to 
^-strand 4. Intron 3 is more variable in placement. In IL-loc, 
IL-lfB, IL-18, and probably in FILl^, it lies within the prodo- 
main, not far upstream of the site of processing. In the other 
family members, it appears to lie not far downstream of the 
initiating methionine. It is also more variable in placement 
within the codon, falUng after either the first {IL-lcc, IL-lfi, 
IL-18, FILle, FILIC, FILlrj) or second {IL-lra, FILld) nucleo- 
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tide of the codon. 

Chromosomal Location — ^The novel IL-1 family members 
have been mapped using the radiation hybrid method- They 
cluster on human chromosome 2q, between the framework 
markers D2S121 and D2S110 (not shown). The IL-la/IL-l^IL- 
Ira cluster hes within this same interval. At the level of reso- 
lution seen with the Genebridge 4 panel, the novel and classical 
IL-1 genes appear to be interspersed. 

Expression Pattern 

We have analyzed the expression pattern of the novel IL-1 
family members in several ways. Using a panel of first strand 
cDNAs derived from various tissues as templates for PGR, we 
find that the novel family members are all expressed in lymph- 
oid organs, although the detailed pattern differs somewhat 
from cytokine to cytokine (Table II). RNA for each is also 
present in a small number of non-lymphoid tissues. Table II 
also summarizes expression data obtained from cDNA library 
screening, from searching EST data bases, and from PGR anal- 
ysis of individual RNA samples. No easy generalization about 
expression patterns, either for the individual cytokines or for 
the family, is obvious. 

Hematopoietic Subsets — We wanted to look specifically at 
expression of each of the novel IL-1 family members in individ- 
ual cell types from peripheral blood. Cells were prepared from 
human blood and cultured for a short time in various condi- 
tions. RNA was made and analyzed by RT-PCR for the presence 
of FIL15, -C, and -tj (Table IV). All family members were 
expressed in activated monocytes and B cells. In most cases, 
there was some expression present in these cells even without 
stimulation. FIL16 was also expressed in activated dendritic 

Table IV 

Expression of novel family members in hematopoietic cell subsets 
Expression of IL-1 family members was determined by PGR analysis 
of RNA isolated from subsets of peripheral blood mononuclear cells, 
obtained as described under "Experimental Procedures." 



Cell subset 



FILIS 



FILU 



FILli, 



NK cell + IL-12 
Tcell 
Monocyte 
Monocyte + LPS 
B cell 

B cell stimulated 
Dendritic cell + LPS 



ND° 

+ + 



ND 

+ 

+ + 
+ 



+ 
ND 

+ 
ND 



ND 

+ 

+ + 
+ 

ND 



ND, not done. 



cells. The only one of the family members expressed by T cells 
was FILl€. 

Receptor Binding— We asked whether any of the novel IL-1 
family members could bind to the known members of the IL-1 
receptor family. Conditioned medium from COS cells trans- 
fected with each of the different novel ligands and labeled with 
PS)Cys/Met, as well as from COS cells transfected with IL-18 
as a positive control, were incubated with Fc fusions of the 
characterized IL-IR famOy members (IL-IR type I, IL-IR AcP, 
IL-lRrpl, IL-lRrp2, AcPL, and TiyST2), followed by precipita- 
tion of the Fc proteins using protein G. The precipitates were 
electrophoresed on SDS gels, and autoradiographed to see 
whether any of the ligands were able to bind to any of the 
receptors. While IL-18 was seen consistently to bind to IL- 
IRrpl, no other complexes were observable using this tech- 
nique (data not shown). 

DISCUSSION 

We describe here the discovery of novel genes that double the 
size of the IL-1 superfamily. Assessment of the FILld, FILle, 
FILIC, and FILli) genes as paralogs of JL-7a, IL-lf3, IL-lra] 
and IL-18 is based on several factors. First, sequence align- 
ment (Fig. 1) reveals certain conserved amino acid motifs. Not 
only is there easily recognizable conservation of primary struc- 
ture, but the amino acid sequences readily allow modeling into 
a predicted three-dimensional structure that is conserved with 
the known IL-ls (Fig. 3). In addition, intron placement is 
highly conserved in these new genes and is simOar to that 
found in the "traditional" IL-ls as well as IL-lS (Figs. 1, 4). 
This provides an independent measure of evolution from a 
common ancestor. Finally, consistent with evolution by gene 
duplication, the new IL-1 superfamily members are all clus- 
tered in the same region of human chromosome 2q that con- 
tains IL la, IL-ip, and IL-Ira. IL18 is the only superfamily 
member that does not map to this location. 

The novel IL-1 family members are expressed in a variety of 
hematopoietic and non-hematopoietic cell types. It is not easy 
to formulate generalizations about expression patterns, except 
to say that FILle appears to be the only one of these putative 
cytokines routinely expressed in T cells, and (not unexpectedly) 
all of the family members are expressed in activated monocytes 
and B cells. From the infrequency of ESTs corresponding to 
these genes in GenBank'^^, as well as the number of FOR 
cycles required to detect an amplification product in positive 
RNA sources, it would appear that they are all expressed at 
relatively low abundance. Nevertheless, FIL15, FILle, and 



Fig. 4. Intron positions. Intron posi- 
tions were taken from GenBank'^^ (ILla, 
accession number X03833; TL-l(i, acces- 
sion number X04500; IL-lra, accession 
number X64532; IL-18, accession number 
E 17 138) or were determined for this pa- 
per by sequencing of genomic DNA (either 
directly cloned, or PGR amplified) and 
comparison to the cDNA sequences. The 
"intron 3," "intron 4," "intron 5" designa- 
tions are by analogy with IL-la and IL- 
i^, and do not imply that there are five 
introns in each of the other genes, Intron 
sizes, where known, are indicated. Amino 
acid numbers are given below the lines, 
and refer to the primary translation 
product- 
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FlLl^ can be regulated by LPS (and most likely other agents) 
in monocytes and spleen cells, and FIL15 appears to be tran- 
scribed from at least two different promoters, indicating that 
regulation of expression in this family is active. 

It might be expected that the new IL-1 superfamily members 
would bind to members of the IL-1 receptor superfamily. How- 
ever, we have been unable to demonstrate this in co-precipita- 
tion assays using Fc fusions of the known receptors and orphan 
receptor homologs. It could be that there are as yet undiscov- 
ered members of the IL-lR superfamily. Alternatively, unlike 
the case with the IL-ls and IL-18, high affinity binding detect- 
able by co-precipitation may require two receptor subunits to 
be present. Finally, of course, it is possible that these cytokines 
bind to a different type of receptor. IL-18, for example, was 
recently shown to be capable of binding with high affinity to a 
soluble protein that has little similarity to other IL-IR family 
members (39), 

The biological activity of the novel IL-1 family members 
remains to be characterized. IL-la, IL-1^, and IL-18 are all 
capable of activating gene expression programs that enhance 
immune responses and promote inflammation. It is obvious to 
speculate that FIL15, FILlc, FILl^, and FILIt; might have 
similar actions. On the other hand, IL-lra acts to block the 
actions of the agonist IL-ls, and it is possible that one or more 
of the novel family members might similarly play an antagonist 
role. In this context, however, it should be noted that none of 
them binds to either the type I IL-lR or to IL-lRrpl, and 
therefore they presumably do not regulate signaling by either 
IL-1 or IL-18, It is also possible that the resemblance of these 
molecules to IL-1 says nothing at all about their receptor bind- 
ing or the type of biological responses they might invoke. These 
issues will be clarified by further investigation. 
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Smith et al. reference 19: 

Nature 1996 Feb 15;379(6566):591 

Comment on: Nature 1995 Nov 2;378(6552):88-91 
A newly deHned interIeukin-1? 

Bazan JF, Timans JC, Kasteleln RA 



Smith et al. reference 29: 

Protein Sci 1998 Jun;7(6): 143 1-40 

Fold prediction by a hierarchy of sequence, threading, and modeling methods. 
Jaroszewski L, Rychlewski L, Zhang B, Godzik A. 

Department of Chemistry, University of Warsaw, Warszawa, Poland. 

Several fold recognition algorithms are compared to each other in terms of prediction accuracy and 
significance. It is shown that on standard benchmarks, hybrid methods, which combine scoring based on 
sequence- sequence and sequence-structure matching, surpass both sequence and threading methods in the 
number of accurate predictions. However, the sequence similarity contributes most to the prediction 
accuracy. This strongly argues that most examples of apparently nonhomologous proteins with similar folds 
are actually related by evolution. While disappointing from the perspective of the fundamental 
understanding of protein folding, this adds a new significance to fold recognition methods as a possible first 
step in function prediction. Despite hybrid methods being more accurate at fold prediction than either the 
sequence or tlireading methods, each of the methods is correct in some cases where others have failed. This 
partly reflects a different perspective on sequence/structure relationship embedded in various methods. To 
combine predictions from different methods, estimates of significance of predictions are made for all 
methods. With the help of such estimates, it is possible to develop a "jury" method, which has accuracy 
higher than any of the single methods. Finally, building full three-dimensional models for all top 
predictions helps to eliminate possible false positives where alignments, which are optimal in the one- 
dimensional sequences, lead to unsolvable sterical conflicts for the full three-dimensional models. 



Smith et al. reference 30: 

J BiomolNMR 1996 Dec;8(4):477-86 

AQUA and PROCHECK-NMR: programs for checking the quaUty of protein structures 
solved by NMR. 

Laskowski RA, Rullniannn JA, MacArthur MW, Kaptein R, Thornton JM. 

Department of Biochemistry and Molecular Biology, University College London, UK. 
roman@bsm.bioc.ucI-ac.uk 

The AQUA and PROCHECK-NMR programs provide a means of validating the geometry and restraint 
violations of an ensemble of protein structures solved by solution NMR. The outputs include a detailed 
breakdown of the restraint violations, a number of plots in PostScript format and summary statistics. These 
various analyses indicate both the degree of agreement of the model structures with the experimental dat, 
and the quality of their geometrical properties. They are intended to be of use both to support ongoing NMR 
structure determination and in the validation of the final results. 



Smith et al. reference 31: 

Proteins 1995 Nov;23(3):3 18-26 

Evaluation of comparative protein modeling by MODELLER, 
Sail A, Potterton L, Yuan F, van VUjmen H, Karplus 

Rockefeller University, New York, NY 10021, USA. 

We evaluate 3D models of human nucleoside diphosphate kinase, mouse cellular retinoic acid binding 
protein I, and human eosinophil neurotoxin that were calculated by MODELLER, a program for 
comparative protein modeling by satisfaction of spatial restraints. The models have good stereochemistry 
and are at least as similar to the crystallographic structures as the closest template structures. The largest 
errors occur in the regions that were not aligned correctly or where the template structures are not similar to 
the correct structure. These regions correspond predominantly to exposed loops, insertions of any length, 
and non-conserved side chains. When a template structure with more than 40% sequence identity to the 
target protein is available, the model is likely to have about 90% of the mainchain atoms modeled with an 
rms deviation from the X-ray structure of approximately 1 A, in large part because the templates are likely 
to be that similar to the X-ray structure of the target. This rms deviation is comparable to the overall 
differences between refined NMR and X-ray crystallography structures of the same protein. 
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Interleukin-1 receptor antagonist (IL-lra), an IL-1 
family member, binds with high affinity to the type I 
IL-1 receptor (IL-lRI), blocking IL-1 binding but not 
inducing an IL-I-like response. Extensive site-directed 
mutagenesis has been used to identify residues in IL-lra 
and EL-l^ involved in binding to IL-IRI. These analyses 
have revealed the presence of two discrete receptor 
binding sites on IL-1/3. Only one of these sites is present 
on IL-lra, consisting of residues Trp-16, Gln-20, Tyr-34, 
Gln-36, and Tyr-147. Interestingly, the absent second 
site is at the location of the meg or structural difference 
between IL-lra and IL-lp, which are otherwise structur- 
ally similar. The two receptor binding sites on EL-l^ are 
also present on IL-1 or. Thus, it appears that the two IL-1 
agonist molecules have two sites for EL-IRI binding, and 
the homologous antagonist molecule, IL-lra, has only 
one. Based on these observations, a hypothesis is pre- 
sented to account for the difference in activity between 
the agonist and antagonist proteins. It is proposed that 
the presence of the two receptor binding sites may be 
necessary for agonist activity. 



The IL-1 family of proteins are related by sequence similar- 
ity » gene organization, and three-dimensional structure 
(Eisenberg et al., 1990, 1991; Carter et at., 1990), The three 
proteins, IL-1 a, IL-lp, and IL-lra, all exhibit a /3-trefoil topol- 
ogy characterized by six /3-strands forming a tapered /3-barreI, 
which is closed at the wide end by another six ^strands 
(Murzin et at., 1992; Vigers et aZ., 1994). 

The two agonist proteins, IL-la and IL-li3, have similar 
biological activities, mediated through their high affmity inter- 
action with the type 1 IL-1 receptor (IL-IRI) (Sims et aL, 1993). 
These two proteins are believed to play an important role in 
causing both local and systemic inflammatory responses 
(Dinarello, 1991). 

The third family member, IL-lra, also binds with high afEin- 
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ity to IL-IRI but does not elicit a biological response (Hannum 
et aLy 1990; Dripps et a/., 1991). IL-lra competitively inhibits 
the binding of IL-la and IL-1^ and thus acts as a specific 
inhibitor of IL-1 activity. Exogenously administered human 
recombinant IL-lra can significantly reduce the severity of 
inQanunation in many animal models of inflammatory disease, 
thus implicating IL-1 as an important mediator of inflamma- 
tion in these models (Dinarello and Thompson, 1991). Endog- 
enous IL-lra plays an important role in reducing the severity of 
the inflammatory response by IL-1, since administration of 
neutralizing antibodies to IL-lra causes an increase in severity 
and a prolongation of intestinal inflammation (Ferretti et aL, 
1994). 

Several studies utilizing site-directed mutagenesis have led 
to the identification of residues in IL-la and IL-1;3 that are 
important for either receptor binding or receptor-mediated bi- 
ological activity (MacDonald et aL, 1986; Gehrke et aL, 1990; 
Yamayoshi et aL, 1990; Ju et aL, 1991; Labriola-Tompkins et 
aL, 1991, 1993; Grutter et aL, 1994; Gayle et aL, 1993). An 
analysis of these results suggests there are two main sites on 
the surface of the IL- 1 agonist molecules that are involved in 
receptor binding. One site (site A), located on the side of the 
^-barrel structure, was originally identified by mutagenesis of 
IL-1^ residue histidine 30 (His-30). Additional residues in this 
region have more recently been identified in both IL-la and 
IL-1/3. A second site (site B), approximately 20—25 A from the 
first site, is located at the open end of the ^-barrel and includes 
several charged residues, e.g. Arg-4, Lys-93, Lys-103, and Glu- 
105 of IL-1^. 

We report here the results of site-directed mutagenesis stud- 
ies to identify residues on IL-lra important for IL-IRI binding. 
Our results indicate that the IL-lra residues homologous to 
receptor binding site A of IL-la and IL-1^ also play a role in 
IL-IRI binding of IL-lra but that residues of IL-lra homolo- 
gous to receptor binding site B on IL-la and IL-1/3 do not 
interact with the receptor. In addition, we believe that site A is 
the only receptor binding site on IL-lra because we have mu- 
tagenized or deleted almost every residue on the surface of the 
molecule (a total of 103 residues) and found that only the 
residues of site A affect receptor binding. We have also per- 
formed site-directed mutagenesis of IL-lp and found that site A 
on IL-1^ is larger than previously thought. 

EXPERIMENTAL PROCEDURES 

Mutagenesis and Mutein Expression in Escherichia coli — Site-di- 
rected mutagenesis of IL-lra and IL-1^ genes was performed using a 
Bio-Rad Mutagene kit. Muteins were expressed in E. coli and purified 
to near homogeneity from the soluble cell lysate as previously described 
(Eisenberg et aL, 1990). Protein concentrations were determined by 
BCA protein assay (Pierce), absorbance at 280 nm, and relative inten- 
sity of bands on a Coomassie-stained polyacrylamide gel. 
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Competitive Receptor Binding Assays — Reoeptor binding assays were 
done as described (Hannum et al., 1990). Briefly, a standard amount of 
'^S-labeled IL-lra at a concentration approximately equal to its (150 
pM) was incubated with mouse EL4 thymoma (ATCC, TIB 181, —5000 
receptors per cell) or a Chinese hamster ovary cell line (kindly provided 
by R Chizzonite) expressing the human type 1 IL-1 receptor (-30.000 
receptors per cell) for 4 h at 4 *'C with varying concentrations of cold 
competitor. The cells were harvested through a Millipore millititer 
plate filter system, and radioactivity retained on the filter was counted 
on an Ambis radioanalytical imaging system. Percent wild type activity 
was defined as IC^o (wild typeyiCgo (mutein). The for the wild type 
IL-lra (as competitor) was estimated using a simplification of the 
Cheng-Prusoff relationship iK^ = IC^, Cheng and Prusoff, 1973) and 
ranged from 150 to 400 pirf, consistent with values previously reported. 
In each assay, a wild type control was included. All muteins were 
assayed a minimum of two times with the standard error between 
assays generally <25%. 

NMR Spectroscopy Analysis of IL lra and Muteins — One-dimen- 
sional ^H-labeled NMR spectra were collected for lL,-lra and several of 
its muteins. The spectra were recorded on a VXR500 spectrometer 
housed at the University of Colorado- Boulder. The 1.5 mM IL-lra solu- 
tions (90% H2O, 10% D2O) were prepared in 10 mM phosphate (pH = 
6.0), 100 mM NaCl. and 0.1 mM EDTA. Spectra were recorded at tem- 
peratures of 25, 30, and 36 "C. Each spectrum was collected with 8192 
complex points over a spectral width of 7000 Hz, and a total of 64 
transients were signal averaged for each free induction decay. All data 
were processed on a Sun 4260 using the NMR processing software 
FELDC (Hare Research). The spectra of IL-lra wild type and mutants 
were plotted to allow for comparison of the backbone (H" and Ha) and 
methyl proton chemical shifts and intensities. 

Structure Modeling of IL-loc — Since only the C-a coordinates of IL-lo 
have been deposited in the Brookhaven Data base, we modeled possible 
side chain positions for comparison to 1L-1J3 and IL-lra. Initial coordi- 
nates were assigned at random for missing atoms and then refined 
using simulated annealing in X-PLOR (Brunger et aL, 1987). Three 
different starting positions gave similar final conformations in all areas 
of interest.^ 

RESULTS 

Mutagenesis of IL-lra — Using site-directed mutagenesis, we 
replaced 93 of the 152 residues of IL-lra and made two deletion 
mutants of 3 and 10 amino acids at the amino terminus. Initial 
single replacements were to glycine or alanine or, in a few 
instances, to an amino acid of the opposite charge. Muteins 
were assayed by competition with ^^S-labeled IL-lra for bind- 
ing to mouse EL4 cells or to Chinese hamster ovary cells 
expressing recombinant full-length human IL-IRL From this 
initial round of mutagenesis, 54 of the muteins were assayed on 
EL4 cells, 33 were assayed on Chinese hamster ovary cells, and 
the remaining 6 were assayed on both cell lines. 

For the vast majority of muteins, including the two deletion 
mutants, competition was not significantly different from that 
of the wild type protein (Fig. 1). The muteins that had less than 
35% of wild type activity were investigated further. Five resi- 
dues in IL-lra were initially found to be sensitive to alanine or 
glycine substitution. Four of them, Trp-16, Gln-20, Tyr-34. and 
TyT-147, were sensitive to substitution by other residues as 
well (Table I). At each of these residues, certain changes re- 
duced receptor binding by 100-fold or more. These four residues 
form a contiguous patch on the IL-lra surface, and two of them, 
Trp-16 and Tyr-34, correspond to residues Arg-ll and His-30, 
which have been previously identified as important in site A of 
IL-1^. One of the four residues, Tyr-147, exhibited interesting 
receptor binding properties in that Y147G bound with lower 
affinity than wild type IL-lra to human IL-IRI (34%) but with 
higher affinity to the mouse receptor (252%). 

The fifth residue that exhibited <35% of wild type activity in 
the initial screen, D74G, exhibited —30% of wild type IL-lra 
binding to the mouse IL-IRI but —50% binding to the human 
receptor. Since muteins D74A, D74F, D74C, and D74W all 



^ G. Vigers, unpublished data. 



exhibit nonnai IL-IRI binding activity to the human receptor 
(data not shown), we believe that this residue is not fiindamen- 
tally important for IL-lra binding to IL-IRI. 

One additional residue, Ghi-36, was investigated further 
(despite the fact that Q36G exhibited normal binding on EL4 
cells) due to the importance of the homologous residue on 
XL-1^, Gln-32 (see below and Discussion), We found Q36F had 
only 1% of wild type activity (Table I), suggesting that this 
residue is also important for receptor binding. Gln-36 is adja- 
cent to the fom- important residues discussed above. 

The reduced affinity of muteins with changes at the five 
residues that make up the important binding site in IL-lra 
(Trp-16, Gln-20. Tyr-34, Gln-36. and Tyr-147) suggests these 
residues contribute to the interaction of IL-lra with IL-IRL 
However, it is also possible that the mutations may disrupt the 
tertiary structure of the muteins, which causes a reduction in 
receptor affinity. To address this issue, we performed high 
resolution one-dimensional NMR on wild type IL-lra and mu- 
teins Y34G, Q20A, and W16G. No significant differences were 
observed in the spectra of these four molecules, indicating 
there were no major differences among their structures. In 
addition, all muteins eluted at approximately the same salt 
concentration from an ion exchange column, suggesting that 
these molecules all have a similar conformation and overall 
charge. 

Seven IL-lj3 residues (Arg-4, Leu-6, Phe-46, Ile-56, Lys-93. 
Lys-103, and Glu-105) in the vicinity of the open end of the 
^barrel have previously been shown to be important for bind- 
ing to IL-IRI (Labriola-Tompkins et aL, 1991). Four of these 
seven are charged residues. Based on previously published 
sequence alignments (Stockman aL, 1992), these charges are 
conserved in IL-lra and have been suggested to be important 
for receptor binding. Thus, the homologous region of IL-lra 
(Pro-50, Glu-52, His-54, Ser-89, Glu-90, Asn-91, Arg-92, Lys- 
93, Gln-94, Asp-95, Lys-96, Arg-102, Ser-103. Asp-104, Ser- 
105) vfOiS extensively mutagenized (Figs. 1 and 2, see also 
Vigers et al. (1994)) to investigate whether it had a similar 
function in the binding of IL-lra to IL-IRI. Interestingly, none 
of the changes in this region of IL-lra affected activity in the 
competitive receptor binding assay (Fig. 1). 

An additional residue near the carboxyl terminus of these 
proteins, IL-la Asp-151, IL-1^ Asp- 145, and IL-lra Lys-145, 
has been characterized as important for biological activity but 
not for IL-lRI affinity. Of particular interest is the human 
IL-lra mutein, K145D that has been shown to exhibit partial 
agonist activity on mouse cells but exhibits normal ailinity for 
both the mouse and human receptors (Yamayoshi et at., 1990; 
Ju et aL, 1991). This is consistent with our observation that 
replacing Lys-145 of IL-lra with glycine has no affect on recep- 
tor binding activity (Fig. 1). 

Site-directed Mutagenesis of IL-lf3 — We performed site-di- 
rected mutagenesis on IL-1/3 to reevaluate the role of the 
known site A residues and to examine other IL-1/3 residues in 
the vicinity of this site. In addition, we wished to analyze 
residues in or near site B of IL-1^. 

We find that three residues in the region of site A appear to 
be important for binding IL-1/3 to IL-IRI (Tabje II). Two resi- 
dues, Gln-15 and His-30 of IL-1/3, align with IL-lra residues 
Gln-20 and Tyr-34, which were identified as important from 
the mutagenesis of that protein. The third residue, GIn-32, 
corresponds to Gln~36 of IL-lra, which was not originally iden- 
tified by the scanning mutagenesis shown in Fig- 1. However, 
further mutagenesis of this residue in IL-lra did suggest its 
importance in receptor binding (Table I). 

Two IL-1/3 residues in the vicinity of site A that interact only 
slightly or not at all with IL-lRI are Arg-ll and Thr-147. 
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Mutein 

Fig. 1. Receptor binding activities of muteins of DL-lra. Muteins were assayed as described under "Experimental Procedures" on either the 
mouse receptor CA) or the human receptor (B). The horizontal dashed line indicates 35% of wild type binding activity; muteins with activities below 
this value are denoted by an cisieri&k and were investigated further (see text). Their activities relative to wild t3^e mouse and human IL-lRl are 
as follows: W16G, 22% mouse, 6% human; Q20G, 1% mouse; Q2QA, 6% human; Y34G, 25% mouse, 25% human; D74G, 30% mouse; and Y147G, 
35% human. 
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Others have previously reported that Arg-11 (which aligns with 
Trp-16 of Ilr-lra) is not critical for receptor bindixxg but is 
important for biological activity (Gehrke et al., 1990). Our data 
are consistent with these observations. Thr-147 of Ilr-1^ aligns 



Table I 

Receptor binding activity of IL-lra muteins 

Receptor binding activity of muteins was determined on Chinese 
hamster ovary cells as described under "Experimental Procedures.** 
Each number represents a single assay except in the case of muteins 
that were assayed more than twice, where the number is the mean ± 
S.E. The number of assays p>erfonned is shown in parentheses. 



IL-lra mutein 



Wild type activity 





% 


W16G 


12 ± 3 (4) 


W16K 


<1,<1 


W16M 


5.7 


W16Q 


9,18 


W16R 


21 2 (3) 


W16Y 


53,85 


Q20A 


6.8 


Q20Y 


<1.<1 


Q20D 


<1.<1,<1 


Q20K 


<1.<1 


Q20M 


18,22 


Q20N 


43.46 


Y34G 


21.23 


Y34K 


<:1,<1 


Y34D 


7,11 


Y34H 


80,84 


Y34W 


88,98 


Y34M 


86,100 


Q36F 


<I,<L 


Y147G 


24,44 


Y147K 


<:1.<1 


Y147T 


3,5 


Y147H 


41,69 


Y147M 


63, 69 



structurally with the Important ILi-lra residue Tyr-147 but is 
unimportant for binding to IL-lRI, possibly due to the 

distinct chemical nature of the side chains involved. 

Site B residues in ne-56, Lys-93, and Glu-105 were all 

found to be sensitive to mutagenesis (Table ID, consistent with 
previously reported data (Labriola-Tompkins et a/., 1991). An 
additional important residue in this region of EL-l^ is Lys-92 
(Table II). 

Location of Important Residues in IL-lra, IL-la, and IL-l^ — 
Fig. 2 shows an alignment of human IL-la, IL-1^, and ILr-lra, 
based on their three-dimensional structures. Highlighted on 
this alignment are the important residues for IL-IRI interac- 
tion identified by single-site mutagenesis, either in this work or 
previously by others. There are a nvuuber of key residues pres- 
ent on all three proteins in the equivalent spatial location. 
One residue that appears to be very important in all three 
proteins based on our mutagenesis data and the data from 
Gayle et aL (1993) is IL-lra Gln-20, II^l^ Ghi-16, and IL-la 
Asn-29. Other residues important for binding IL-1J3 and IL-lra 
to the receptor but not critical for IL-la binding include IL-1/3 
His-30 and IL-lra Tyr-34, homologous to IL-la Ala-44, and 
IL-li3 Gln-32 and IL-lra Gln-36, which is homologous to IL-la 
His-46. 

Fig. 3 shows the solvent-accessible surfaces based on the 
three-dimensional structures of IL-la, IL-1/3, and IL-lra with 
the important binding site residues of each protein highlighted 
on the structure. There is a remsLrkable correspondence in the 
spatial location of site A on all three molecules and an inter- 
esting difference between the two agonist proteins and the 
antagonist protein at site B, in that this site is present in IL-la 
and IL-1/3 but absent in IL-lra. 

For the three molecules, the total solvent-accessible areas of 
the binding site residues as indicated in Fig. 2 are approxi- 
mately 650, 1440. and 330 for IL-la, IL-1^, and IL-lra, 
respectively. The total solvent-accessible area of each molecule 
is approximately 7500 A^. Since all three molecules have the 
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Fig. 2- Residues in IL-lor, IL-l^, and 
ILr-lra identified by single-site mu- 
tagenesis as important for receptor 
interaction. Sequences are aligned as in 
Vigers et al. (1994), based on x-ray struc- 
tures. Important residues are indicated 
by the following symbols: 4 , IL#-la 
(Yamayoshi et al.^ 1990; Kawaahima et 
al., 1991; Gayle et aL, 1993; Labriola- 
Tompkins et aL, 1993); lL-10 (Mac- 
Donald et aL (1986), Gehrke et aL (1990), 
Labriola-Tompkins et al, (1991), Grutter 
et aL (1994), Ju et aL (1991), and this 
work); #, IL-lra (Ju et aL (1991) and this 
work). Shaded residues are in ^-strands 
according to Graves et aL (1990) for IL-1«, 
Pries tie et aL (1989) for IL-1^, and Vigers 
et aL (1994) for IHra. 
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same affinity for the IL-IRI, one can conclude that IL-lra 
generates more binding energy from site A than do Ih-la or 
IL-1/3. To check whether the single site A of IL-lra could 
account for the observed binding affinity, we applied the equa- 
tions AG = -RT ln(K) and AAG = -RT IniK^/K^) to the ob- 
served binding equilibria. We find that the wild type IL-lra has 
a change in free energy upon binding of approximately 52 
kJ/mol. Considering only the neutral mutations of Trp-16, Gln- 
20, Tyr-34, and Tyr-147 to glycine (Table I), the four residues at 
the center of site A in IL-lra account for at least 18.3 kJ/mol 
binding energy. If we consider the more extreme mutations to 
these four residues, e.g. W16K, and include Q36F, we can 
account for >53 kJ/moL Thus there is reasonably close agree- 
ment between these numbers, considering the broad assump- 
tions made in the calculations. 

DISCUSSION 

A simple way of defining the regions of a protein important 
for receptor binding is through the use of in vitro site-directed 

Table 11 

Receptor binding activity of IL l^ mutcins 

Receptor binding activity of muteins was determined on Chinese 
hamster ovary cells as described under "Experimental Procedures." 
Numbers represent the mean of at least two assa3's. 



mutcin 


Wild type activity 




9v 


RllG'^ 


45 


RllA" 


55 


Q15G" 


<1 


Q15H" 


130 


h:)og" 


<1 


H30E" 


2 


H30A" 


10 


H30S'' 


10 


Q32G" 


<1 


I56G'' 


10 


K92G'' 


vS 


K93G'^ 


<1 


K93M'' 


<1 


K93Q^ 


5 


E105G'' 


30 


T147G" 


70 



mutagenesis. This method has been used over the past few 
years by several groups to identify residues involved in the 
high affinity binding of IL-la and to IL-IRI. These 

studies have led to the conclusion that two distinct receptor 
binding regions (site A and site B) are present on both IL-la 
and IL-lp. Site A. located on the side of the ^-barrel struc- 
ture, was originally identified by the mutagenesis of 
residues His-30 (MacDonald et at, 1986) and Arg-11 (Gehrke 
ei aL, 1990). Recently, additional residues in this region have 
been identified on IL-la (Gayle et aL, 1993) and on 1L-1)3 
(Grutter et aL, 1994). We have extensively mutagenized IL- 
lra and identified only five residues, Trp-16, Gln-20» Tyi--34, 
Gln-36, and Tyr-147, that are important for binding to the 
IL-IRI. These five residues, when changed to glycine, were 
also found to be important for binding to recombinant soluble 
human IL-lRI using surface plasmon resonance t^echnology 
on a BIAcore instrument. Glycine substitutions at other po- 
sitions had no significant affect on binding to human IL-lRl 
either on the surface of cells or to the purified receptor on the 
BIAcore.^ All of these important amino acids map to site A, 
which is conformationally conserved among the IL-1 family 
members- 

The chemical nature of the IL-lra site A side chains is 
critical for high afiinity binding to IL-IRI, as shown by the 
effect of amino acid substitution on binding. In addition to 
identifying substitutions that lead to a significant loss in 
binding, we have found some substitutions that have little or 
no affect on binding. In this regard, we show that replacing 
the aromatic amino acids Trp-16 and Tyr-34 in IL-lra with 
other aromatic amino acids has no significant affect on bind- 
ing. It is also interesting to note that Tyr-34 of IL-lra can be 
replaced with histidine, which is the corresponding residue in 
IL-I/3, with no loss in binding, and Gln-20 of IL-lra can be 
replaced with asparagine, which is the corresponding IL-1yv 
residue, with only a moderate loss in binding. In addition, 
Gln'20 and GIn-36 of IL-lra correspond to GIn-15 and Gln-32 
of IL-lp, based on the three-dimensional structures of these 
molecules. In light of the chemical similarity of site A among 
those proteins and the effect of mutagenesis of residues com- 
prising this site, it appears that this region is both struc- 
turally and functionally homologous among the three H^-l 
family meinbers. 



" Site A residues, 
* Site B residues. 



D. J. Dripps and J. Jordan, unpublished datii. 
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FiG. 3. Receptor binding sites in the IL-l family. Comparison of the three-dimensional structure solvent-accessible surface of IL-la, IL-l(^, 
and IL-lra showing the residues important for receptor interaction in red. Site A (common to all three proteins) is on the top of the molecules, and 
site B (found in IL-lo- and IL-lp only) is near the bottom. Residues colored are the same as those marked in Fie 2. 
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Fig. 4. A model of receptor binding 
and activation. The agonists, IL-loc and 
contact two sites on the receptor 
causing activation (indicated by the spi- 
ralX whereas IL-lra contacts only one site 
and does not activate (indicated by the 
straight lineX 




IL-7 receptor 
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The second receptor binding region (site B) is located at the 
open end of the p-barrel and includes ILf-1/3 residues Arg-4, 
Lys-6, Phe-46, Ile-56, Lys-92, Lys-93, Lys-103, and Glu-105 
and ILr-la residues Arg-16, lie- 18, Asp-64, Asp-65, Ile-68, Lys- 
100, Asn-108, Trp-113, Gly-17, and Gln-136 ( Lab riol a -Tomp- 
kins et aL, 1991, 1993). The area in IL-lra that is structurally 
analogous to site B of IL-1/3 is not involved in binding to IL-IRI. 
A careful comparison of lL-1^ and IL-lra in this region re- 
vealed very significant structural differences between the two 
molecules (Vigers et aL , 1994). Thus, the difference in function 
in this region between the agonists and the antagonist is con- 
sistent with this being the region exhibiting the greatest dif- 
ference in structure between these two classes of protein. 

Through the extensive use of site-directed mutagenesis, we 
have demonstrated that the IL-1 antagonist is missing one of 
the two receptor binding regions identified on the two IL-1 
agonists. This finding suggests a model for receptor activation 
in which IL-la and IL-1^, by contacting two sites on IL-IRI, 
causes activation, but IL~lra, in making contacts with the 
receptor at only one of the two receptor binding sites, is unable 
to induce an IL-l-like signal (Fig. 4). An alternative model, in 
which the 11^ 1 agonists act by dimerizing two IL-l receptors 
molecules, as in the case of human growth hormone (Wells et 
al.t 1993), or by forming a heterodimer of IL-lRl and the 
recently identified IL-1 receptor accessory protein (Greenfeder 
et aL , 1994) is also possible and is consistent with the observa- 
tion that IL-lra binds with a substantially higher aflmity to 
the soluble form of IL-IRI than either IL-la or IL-1/3 (Swenson 
et aZ., 1993). However, dimerizing two IL-lRl molecules seems 
unlikely because attempts to demonstrate the involvement of 
aggregation of IL-IRI by either IL-la or IL-lp in receptor 
activation have been unsuccessful (Slack €^ a/., 1993). In addi- 
tion, binding experiments with IL-1^ muteins and soluble IL- 
IRI on the BIAcore indicate that site A and site B residues both 
interact with the purified IL-IRI.** 

IL-lra binds to IL-IRI with the same affinity as the IL-1 
agonists but uses only one binding site instead of two. Since 
site A of IL-lra is compact and generates high affinity binding 
with the IL-lRI, it may act as a template for rational design for 
a small molecule IL-1 antagonist. Such a small molecule is 



P. CafFes and R. J. Evans, unpublished data. 



likely to contain pharmacophoric elements that match side- 
chain atoms of the site A residues. Additional structure-func- 
tion studies are being done to further discern how these side 
chain atoms of IL-lra contact residues in IL-lRI. 

Acknowledgments — We thank Richard Chizzonite for kindly provid- 
ing the cell line expressing the human IL-IRI, Marly n Troetsch for 
expert technical assistance, and Hiko Kohno for useful critique of the 
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EXHIBIT 4 




0 min 
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Rgure 4 Live video observation of the Me(2-GFP dot in meiotic phrophase. A 
diploid cell generated by conjugation was monitored. Three images taken at 2- 
min intervals are shown. Red regions. nuciearDNA. yellow spots, fluorescence of 
Mef2-GFP, The whole-ceii body is faintly visible In red. Scale bar, bttm. 



Expression vectors, pREPl carries the authentic thiamine-reprcssible nmtl 
promoter, whereas pREP4l and pR£P8l carry its modified versions, the 
expression of which is respectively 10-fold and lCX)-fold lower than that of 
pREPl (ref. 22). To express fuU-length mei2 from the nmtl promoter, an Ndel 
site Was created at the initiation codon of the mei2 open reading frame (ORF) 
and a 2,6-kb Ndel-Bgtll fragment was cloned into pREP vectors. Integration of 
nmtl~mei2^ or nmt}-m€i2-SATA on pREP4I into the chromosomal leul locus 
was done, as described-'. We used minimal medium SD with I % glucose, which 
contams thiamine (1.2 jxM), to repress the nmtl promoter, and minimal 
medmm MM with 1% glucose to derepress it. Cell growth and sponiiation 
were monitored on synthetic agar plates SSA with or without 2p.M thiamine 
{see ref. I2 for more details of the media). 

fn vitro kinase assay and tryptlc phosphopeptide mapping. FuU-iength 
Patl^' and full-length Mei3\ each fused to GST. were used in the in vitro 
phosphorylation assay. The assay was carried out as follows: 3 pmol of GST- 
Mei2 was mixed with 0.2 pmol GST-Patl and 2 (xg BSA in K buffer (150 mM 
Tris-HCl, pH 7.5, 20 mM MgCK> 10 mM MnCl^, 15 mM 2-mercaptoethanol). 
The reaction was initiated by adding 20 p-Mly-^^PjATP and terminated by 
adding SDS-PAGE buffer after 30 min incubation at 30 ""C To label Mei2 
protein in vivo, we transformed meiTApatl'^ and mei2ApatlA haploid strains 
with pREP41-mei2-FA, carrying the inactive F644A allele'" (Fig. la). meil-FA, 
rather than meiZ" , was used here because viable transformants could be 
obtained from a pat! A. strain. Transformed cells were labelled with ortho- 
i PJ -phosphate for 18 h in MM liquid, collected by centrifugation, and broken 
m iQo/o TCA with glass beads. After washing with acetone, the pellet was 
dissolved in S buffer (50 mM Tris-HCI. pH 7.5, 1 mM EDTA. I mM 2- 
mercaptoethanol, 0.5 mM PMSF, 1% SDS). An aliquot of the supernatant 
was immunoprecipiiated with anti-Mei2 antibodies'^ The immunocomplex 
was resolved by SDS- PAGE and the Mei2 band eluted from the gel and digested 
with trypsin as described"^. GST'Mei2C phosphorylated in vitro was processed 
similarly. Tryptic samples were applied to thin-layer cellulose plates and 
i-eparated by high-voltage electrophoresis (at 1,000 V) at pH 1,9 for 30 min, 
followed by ascending chromatography 

Screening for /he/2 alleles encoding constitutively active gene products. 
We randomly mutagenized the C-terminal half of /«ei2 encoding residues 429- 
/50 by polymerase chain reaction (PGR) and expressed their full-iength 
versions from pREP41 in wild -type haploid cells. Three relatively weak 



activated' mei2 aUeles. which could induce haploid mciosis upon induction of 
transcription, were isolated and sequenced. 

Ruorescence microscopy of GFP-tagged Mei2 protein. Wc cloned a 
mutant version (Scr65 — Thr) of GFP^ into pREPSl. and inserted an 
Ndel-SaH fragment carrying the exact mei2 ORF before the GFP ORE The 
fusion protein Mci2-GFP was expressed in met2d cells to eliminate the 
competitive effects of endogenous Mei2 protein. Uving cells were counter- 
stained with Hoechst 33342 and video-recorded by a Peltier-cooled CCD 
camera (Photometries) attached to an Olympus inverted microscope IMT-2. 
as described'*-^. 
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Crystal structure of the type-l 
interleukin-1 receptor 
compiexed with interleukin-ip 

Guy P. A. Vigers, Lana J. Anderson, Patricia Caffes 
& Barbara J. Brandhuber 

Amgen Inc., 3200 Walnut Street, Boulden Colorado 8030 1, USA 

Interleuldn-1 (IL-1) is an important mediator of inflammatory 
disease. The IL-1 family currently consists of two agonists, IL-l<x 
and IL-lp, and one antagonist, IL-lra. Each of tliese molecules 
binds to the type I IL-1 receptor (IL1R)^ The binding of IL-la or 
IL-lp to ILIR is an early step in IL-1 signal transduction and 
blocking this interaction may therefore be a useful target for the 
development of new drugs. Here we report the three-dimensional 
structure of IL-lp bound to the extracellular domain of ILIR (s- 
ILIR) at 2.5 A resolution, IL-ip binds to s-ILlR with a 1:1 
stoichiometry. The crystal structure shows that s-ILlR consists 
of three immunoglobulin -like domains which wrap around IL-lp 
in a manner distinct from the structures of previously described 
cytokine- receptor complexes. The two receptor-binding regions 
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on IL-lp identified by site-directed mutagenesis" both contact 
the reccpton one binds to the first two domains of the receptor, 
while the other binds exclusively to the third domain. 

Human ILIR was first cloned firom T cells^ and its sequence 
predicted a mature receptor consisting of a 552 amino-acid protein 
containing an extracellular ligand-binding domain of 319 amino 
acids having three immunoglobuUn-Uke (Ig-like) domains-, a single 
transmembrane segment, and a 213 amino-acid cytoplasmic 
domain, IL-la, IL-ip and ILIRA (IL-1 receptor antagonist) all 
bind to ILIR and although they share only about 25% amino-acid 
sequence identity, these molecules aU have the same 3-trefoil, 12- 
stranded p -barrel structure*. In order to fiirther our understanding 
of IL-l-ILlR interactions we have solved the crystal structure of 
recombinant human IL-lp bound to recombinant human s-ILlR. 
The current structure has an K- factor of 23.2% at 2.5 A resolution. 

The IL-ip-s-ILlR complex structure (Fig. 1) was solved using a 
combination of molecular replacement and multiple isomorphous 
replacement (MIR) phasing methods (Table 1). The complex has 
rough dimensions of 97 A X 52 A X 35 A with one s-ILlR molecule 
wrapping around the IL-ip molecule to contact both the receptor 
binding sites previously identified by structure : function studies^. 
As predicted by its sequence, s-ILlR has three Ig-like domains (see 
Fig. 1). AU three Ig-like domains contain a conserved pair of 
cysteines and a tryptophan residue about 14 residues after the 
first conserved cysteine of each domain. Domain 3 is of the c-type, 
seven-stranded variety*, similar to the immunoglobulin (Ig) con- 
stant domain whereas domains 1 and 2 are more unusual topolo- 
gically. In both of these domains, strand a is strand-switched to the 
*front' face of the barrel, as seen in some v-type Igs, but the c' strand 
is very short (as in constant domains) and the c" strand is not 
detectable. Strands d and e are also extremely short, and are 
comparable in length to those seen in the cell-adhesion molecule 
N-cadherin^ (Protein Database (PDB) entry INCG). Furthermore, 
strands c, d and e are on the distal side of domains 1 and 2 from the 
IL- ip molecule, and are not involved in IL- 1 binding. Thus, all three 
domains of the ILIRI are most simply classified as c-type. Domains 
1 and 2 are closely juxtaposed, with a disulphide bond (C104- 



C147) holding them together, whereas domain 3 is connected by a 
5 -residue linker (L201-IC205). Domain 3 provides a *lid* which 
covers most of the top of the IL-lp p -barrel, whereas domains 1 and 
2 form a groove which binds to the lower rim of the barrel. 

The structure of IL-ip does not change substantially upon 
binding. The r.m,s. deviation in position for all non-hydrogen 
atoms is 1.76 A between the starting structure of IL-lp* and the 
refined complex structure. Maximum differences are seen at Q32 
(r,m.s.d. = 5.6 A). K88 (r.m.s.d. = 5.5 A), Q141 (r.m.s.d. = 4.3 A) 
and the C-terminal Si 53 (r.m.s.d. = 9.6 A). Of these residues, Q32 
is involved in receptor binding, whereas the other three are in 
flexible loops of the molecule. Minimum differences are seen in 
residues such as A59, L60, F112 and F133 (all about 0.2 A r.m.s.d.) 
which are involved in the packing of the hydrophobic core of the 
IL-^p^ 

Extensive site-directed mutagenesis work has delineated two 
receptor-binding sites on IL-la and IL-lp and one on ILIRA, 
Figure 2 shows that on IL-ip the two binding sites correspond 
extremely well with residues buried in the receptor : Ugand interface. 
For example. Gin 15 (shown in blue in the middle of Fig. 2) lost 
100% of its ILIR binding acti\aty when mutated to glycine, and 
116A^ of its solvent-accessible surface is buried upon binding s- 
ILIR. In addition, numerous residues, which showed a loss of 30— 
50% of their receptor binding activity upon conservative muta- 
tion, are located on the edges of the binding sites and show 
corresponding changes in computed solvent accessibility upon 
receptor binding. These results demonstrate the utility of muta- 
genesis studies for mapping Ugand : receptor contaas. 

The binding site common to all three IL-1 family members, on the 
*side' of the IL-lp p-barrel (site A), makes contacts with P-strands 
al, a2, b2 and the b2-c2 loop in domains 1 and 2 of the receptor 
(Fig. 1) and consists of residues II, 13-15, 20-22, 27, 29-36, 38, 
126-131, 147 and 149. The critical binding residues Argil and 
Gin 15 contact domain 2 whereas His 30 and Gin 32 bind in the 
domain 1-2 junction. The surface of the receptor at this binding site 
has a number of pockets that will accept side chains of IL-lp, Thus a 
significant component of the binding energy at this site probably 






Figure t Left. Ribbon diagram of s-(Ll R complexed to IL-1 fi Domains 1.2 and 3 of 
s-(Ll R are coloured light, medium and dark blue, respectively. IL- 1 p is yellow, wirh 
site A residues in green and site B residues in red. Middle.* Ribbon diagram of the 
structure of IL-lp bound to s-lLlR. The p-strands are shown as arrowed ribbons in 
green, a-helices are red. and the connecting loops are purple. The structure is 
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oriented so that the carboxy terminus of s-lLl R and the cell membrane, if present, 
are at the bonom of the picture. Right, Topology diagram of s-ILlR. The tL-lp- 
binding elements in site A and site S are coloured green and red. respectively. 
Secondary structural elements are not to scale. 
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comes from van der Waals contacts between IL-lp and s-ILlR. 
Interestingly, the position of Gin 32 has moved by more than 5 A 
from its position in the unUganded X-ray structure, and now fits in 
a deep pocket on the s-ILlR (Fig. 3). 

Site B, the second binding site identified on IL-la and IL-lp but 
not ILIRA, is on the top of the p-barreland is formed by residues 1- 
: 4, 6, 46» 48. 51, 53-54, 56. 92-94, 103, 105-106, 108. 109. 150 and 
i 152. Site B makes contacts only with domain 3 of s-ILlR, Previous 
work from our group* suggested that site B of IL-lp was composed 
of a *horseshoe' of hydrophilic residues surrounding several hydro- 
phobic residues. As shown in Fig. 3, both the hydrophilic residues 
(Arg4. Gin 48, GIu 51, Asn 53, Lys 93, Glu 105 and Asn 108) and the 
hydrophobic residues (Leu 6, Phe 46, He 56 and Phe 150) do indeed 
contact ILIR over a large and relatively fiat surface (formed by P- 
strands c3, d3, £3, g3 and the b3-c3, c3-d3, f3-g3 and g2-a3 loops), 
] which is complementary to IL-ip in hydrophobicity. Thus, the 
I binding energy of site B appears to be more dependent upon 
i hydrophobic and hydrophilic interactions than in site A. Because 
ILIRA lacks the distinctive *horseshoe* feature of IL-lp, formation 



of the ILIRI-ILIRA complex will presumably not make the same 
energetically favourable site B contacts seen in this structure. 

Calculating the changes in solvent-accessible area of the IL-Ip on 
binding s-IHR. 1,087 A^ are buried in site A over 25 residues and 
1,001 A^ in site B over 21 residues, for a total of 2,088 A^ overall. In 
addition to the hydrophilic-hydrophobic interactions described 
above (which are particularly apparent for site B). both binding sites 
also make extensive use of salt bridges and hydrogen bonds. Site A 
and site B have 10 and 13 salt bridges, respectively, and both sites 
also contain seven intramolecular hydrogen bonds (as deduced 
from the X-ray structure). It is interesting to note that in this 
complex, the ligand-binding interactions are with the p -strands in 
the faces of the Ig-like domains, not with the *elbow' formed by the 
loops between the domains, as seen in the structures of interferon- 
7-interferon-7 receptor^, human growth hormone-human growth 
hormone-binding protein*** (PDB entry 3HHR) and the erythro- 
poietin mimetic peptide-erythropoietin-binding protein*' (PDB 
entry lEBP). Also, in previously determined cytokine— receptor 
structures, whereas the cytokine might exist as a monomer 





I figure 2 Surface representations of IL-ip. Left. Structure of unbound (L-lp**; show the change in solvent-accessible area upon complex formation*®. Blue 

I spectral colouring based on site-directed mutagenesis experiments. Blue resi- residues bury 1CX)A^ or greater, and red residues bury 2 Grey residues bury 

dues lost 100% of iLI R binding activity, red residues lost no activity, and grey less than 2 A^. Site B is at the top and site A faces the viewer 

residues were not done. Right. Structure of IL-lp from the complex coloured to 



Table 1 MIR data 



Data set 


Resoiution 
(A) 


(last shell) 


Completeness 
(last shell) 


(last shell) 


Sites (r7) 








Phasing 
power_a 


Phasing 
power_c 


Native* 


2.5 


6.6 
(10.4) 


96,2 
(94.9) 


28.03 
(^0.94) 
















3.0 


7.5 
{27.2) 


79.3 
(29.5) 


15.11 
(5.46) 


2 


50.0 


48.0 


7Q.0 


2.0 


t.7 


HgC12_2 


2.8 


8.1 
(31.4) 


97.4 
(98.5) 


13.74 
(4.51) 


2 


64.0 


62.0 


70.0 


1.5 


1.2 


PtCi/ 


3.0 


6.1 
(27.6) 


84.4 
(91.6) 


15.31 
(4.55) 


5 


76.0 


66.0 


60.0 


1.1 


1.0 




3.0 


78 
(30.7) 


76 5 
(80.4) 


15.07 
(5.33) 


5 


75.0 


68,0 


80.0 


1.2 


1.1 


C7lS_Jt 


3.0 


7.2 
(19.8) 


74.7 
(80 3) 


14.15 
(6.23) 


1 


63-0 


62.0 


80.0 


1.6 


1.2 


C7lS_2t 


2.5 


6.6 
(19.6) 


93.0 
(95.2) 


16,66 
(5.79) 


1 


72.0 


71.0 


80.0 


1.4 


1.1 


Ql26Cjt 


3.0 


7.3 
(23.7) 


78.7 
(85.8) 


15.93 
(5 95) 


2 


74.0 


63.0 


80.0 


1.1 


1.0 


Ol26C_2* 


2.5 


4.9 
(18.3) 


94.3 
(97.2) 


17.90 
(6.85) 


2 


86.0 


78.0 


80.0 


0.9 


0.8 



t "Data mergec) from two data sets. 

I t lL-i(^. muiated so thai cysteine 7i is serine. 

; t IL- It mutated so that cysteine 7i is serine and giutamine i26 is cysteine 
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Figure 3 Stereoscopic surface representations of s-(L1 R and ribbon diagrams of coJoured red for hydrophobic residues and purple for hydrophiiic residues The 
1L-I(i Top. Sue A. Bottom. Site B. Side chains in IL-ip and the surface of s-ILl R are IL-lp backbone ribbon is yellow. 



(hGH), dimer (IFN7) or trimer (TNFP)'^ in every case two or more 
receptors bound to the cytokine and each receptor made a single 
contiguous surface contact with the cytokine. The s-ILlR binding 
motif thus provides a new model for receptor-cytokine interac- 
tions. 

IL-l signalHng is believed to result from the formation of a 
ternary complex consisting of an IL-l agonist. ILIR and ILIR 
accessory protein (ILlRAcP)'\ When ILIRA binds ILIR, the 
ternary complex is not formed and signalling does not occur. 
Formation of the ternary complex therefore presumably requires 
an epitope that is created when ILlRI binds IL-ip but not ILIRA. 
Whether the epitope is created by formation of the receptor-iigand 
interface, or by conformational changes of ILIRI on complex 
formation, has yet to be determined. Site-directed mutagenesis of 
additional surface residues in IL-l and ILIR, and solving the 
structure of the ternary complex, will further advance our under- 
standing of the IL- 1 family members' activities, □ 

Methods 

Purification and crystallization. Recombinant human s-ILlR (residues 1- 
315. GenBank numbering) was expressed in Escherichia coU, refolded and 
purified using an IH RA affinity column, MonoQ ion-exchange column and gel 
filtration column (B.J.B. et ai, manuscript in preparation). Wild-type and 
mutants of IL lp used for heavy-atom phasing were generated and purified as 
described previous!/, the mercury chloride derivative was found to derivatize 
the cysteines only in IL-lp, therefore cysteine mutants of IL-lp were made to 
augment the phase information available. All mutants that were crystallized 
and derivatized were isomorphous with native, wild-type complex crystals. The 
s-ILlR was incubated overnight in a fivefold molar excess of IL-ip, purified 
over a Superdex 75 column and concentrated to 5mgml~'. Crystals were 
grown by hanging-drop diffusion against l.S M ammonium sulphate. 100 mM 
MES pH 6.0 at 0—4''C. The crystals grew to about 0.4 X 0.4 X 3 mm in 1-2 
weeks. 



Data collection and phasing. Initial characterization of the crystals and 
searches for heavy-atom derivatives were performed on room -temperature 
crystals in an artificial mother Hquor containing 2.8 M ammonium sulphate. 
100 mM MES pH 6,0. However, the crystals proved to be very radiation 
sensitive at room temperature and all data sets for MIR phasing and refinement 
were therefore collected on cryo-cooled crystals. Crystals were cryoprotected 
with 25% glucose. K3M ammonium sulphate, 100 mM MES pH 6.0 and 
diffracted to 2,5 A resolution. The crystals were of space group C2 with unit 
cell dimensions a = 146.95 A, b ~ 68.45 A, c = 65.87 A, 0=7 = 90.0°, 
3 = 108.95^ X-ray data were collected on an R-axisII area deteaor, reduced 
using Denzo and Scalepack'' and processed using the CCP4 suite of programs 
including MLPHARE and DM'^ The position of the IL-ip molecule in the 
complex was determined by molecular replacement with X-plor 3.1 from the 
PDB coordinates pdb2ilb.ent'. 

Structure refinement. The s-ILlR struaure was traced and rebuilt using 
program O'^ Refinement by conjugant gradient and simulated annealing 
was performed in X-PLOR 3.1" for all refleaions with F > 2q(F) from 15.0 
to 2.5 A in — 20,723). All solvent-accessibility calculations were performed in 
X-PLOR using the method of Lee and Richards'*, using a 1.4 A radius probe 
and assuming that the ligand and receptor structures do not change signifi- 
cantly upon binding. Potential hydrogen bonds were determined using the 
'Hbonds_ali' facility in O, Salt bridges were assigned in X-PLOR by picking all 
intermolecular oxygen -nitrogen pairs separated by 3'4A or less. Secondary 
structure assignments were made with the YASSPA algorithm in O and pictures 
were generated using Setor". The current structure contains 31 ordered water 
molecules and a bulk solvent correction (sol density = 0.40, sol rad = 0.25) 
was used for the glucose cryo protectant. The factor of the current structure is 
R = l^.T^/a with a free K-factor of 33.1%. In the MIR maps, part of the amino 
terminus of the first Ig-like domain showed only weak density. For this reason 
residues 1-8 and 30-41 are not modelled, and the 40-54 loop is poorly 
defined. Fortunately, this region is distal to the lL-1 binding site, and so does 
not significantly affect the conclusions of the study. The r.m.s. deviations from 
ideality are 0.012 A for bond lengths and 1,98"* for bond angles. Running ! 



NATURE i VOL 3aoi 13 MAKCK I9*J7 



193 



letters to nature 

• 



! Prochcck on the refined structure showed that four residues are in disallowed 
; regions of the Ramachandran plot. Two of these residues (El 1 and Q53) are in 
the poorly defined region of the molecule whereas the other two (L186 and 
N246) arc at the apex of very tight loops. 

Received 18 November 19*16; accepted 20 January 1997. 
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Inflammation, regardless of whether it is provoked by infection or 
by tissue damage, starts with the activation of macrophages which 
initiate a cascade of inflammatory responses by producing the 
cytokines interleukin-l (IL-1) and tumour necrosis factor-ot (ref, 
1). Three naturally occurring ligands for the IL-I receptor (ILIR) 
exist: the agonists IL-lo£ and IL-ip and the IL-1 -receptor antago- 
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nist IHRA (ref. 2). IL-1 is the only cytokine for which a naturally 
occurring antagonist is known. Here we describe the crystal 
structure at 2,7 A resolution of the soluble cxtraceUular part of 
type-I ILIR complexed with ILlRA- The receptor consists of three 
immunoglobulin-like domains. Domains 1 and 2 are Ughtly 
linked, but domain three is completely separate and connected 
by a flexible linker. Residues of all three domains contact the 
antagonist and include the five critical ILIRA residues which were 
identified by site-directed mutagenesis^ A region that is impor- 
tant for biological function in IL-1 p. the Veceptor trigger site', is 
not in direct contact with the receptor in the ILlRA compl^ 
Modelling studies suggest that this IL-ip trigger site might induce 
a movement of domain 3. 

A solubie form of the IL-1 receptor, comprising residues 1-311 
was expressed in insect ceUs and purified by affinity 
chromatography\ The soluble receptor was mixed with recombi- 
nant IHRA at a ratio of 1:1 and was crystallized fi-om 30% PEG3350 
at pH 7.0-7.5\ The structure has been solved by a combination of 
molecular replacement and heavy-atom derivatives and has been 
refined at 2.7 A resolution to an R factor of 21.1% (J^ = 31.4o^) 
with exceUent geometry (see Methods and Table I ). A representative 
sample of the original squashed multiple isomorphous replacement 
(MIR) electron density map is given in Fig. 1. 

The ILIR molecule resembles a question mark which curls round 
the ILIRA molecule held in its centre (Fig. 2a). The ILIRA consists 
of a six-stranded ^-barrel closed at one side by three P-hairpin loops 
and is similar to the structure of the fi-ee molecule we solved 
previous!/. The root-mean-square (rm.s.) differences in alpha 
carbon (Ca) positions between bound and free ILIRA are 0.7 A 
and 0.8 A, respectively for the two independent ILIRA molecules 
present in the crystals of the free ILIRA. The largest differences in 
the antagonist occur in the loop comprising residues 51-54. This 
loop interacts with the third ILIR domain but is partially disordered 
in the fi-ee antagonist. Upon binding to ILIR, there is a rotation of 
the side chain of Glu 52 away from the receptor, a rotation of the side 
chain of His 54 towards the receptor, and a change in conformation 
from cis to trans fov Pro 53. Other differences in atomic position 
greater than 5.0 A involve solvent-exposed, flexible side chains, 
namely those of Lys64, Glu 75, Arg77, Lys93, Lys96, Asp 138^ 
Glu 139 and Lys 145. 

As predicted^ the folding of the three ILIR domains, consisting of 
a sandwich of two P-sheets, resembles the folding of immunoglo- 
bulin domains. The topology of domains 1 and 2 (residues 1-94 and 
106-198) is distantly related to the telokin I-set^ topology, although 
it diverges significantly from the canonical I-set structures. A P- 
bulge is present between residues 8 and 1 1 in strand a of domain 1. 
The bed sheets in domains 1 and 2 are very short, with strand 
lengths of only 3-4 residues. Strands g and f in domain 2 are long 
and have extensive contacts with domain 1. Residues involved are 
Glu 18, Gin 50, His 55 and Val 64 of domain 1, andTyr 182, Leu 183, 
Tyr 187, Pro 188 and Thr 190 of domain 2. Domains I and 2 are 
linked through a well-defined P-turn between Pro 98 and Asn 99 
which lies on top of the agfcc' sheet (Fig. 2b). Domains 2 and 3 are 
connected through an extended, flexible linker. 

The electron density maps clearly indicated four carbohydrate- 
binding sites at Asn 173, 213, 229 and 243. The electron density 
quickly disappears after the first W-acetylglucosamine unit, indicat- 
ing that most sugar units are disordered. The first attachment site, 
Asn 173, is at the surface of the second domain and its sugar chain is 
facing the solvent. The other three attachment sites (Asn 2 13, 229 
and 243) are at the surface of domain 3, and in the natural situation 
their sugar chains will be close to the cell membrane. Interactions of 
these sugar chains with the membrane could help to stabilize the 
orientation of the ILIR with respect to the membrane. 

Alignment of the sequence of the extracellular part of the type- 1 
ILIR with homologous proteins (Fig. 3) reveals a number of 
conserved sequence motifs: the conserved disulphide link and 
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Procheck on the refined structure showed that four residues are in disaJlowcd 
regions of the Ramachandran plot. Two of these residues (El I and Q53) arc in 
the poorly defined re*^ion of the molecule whereas the other two (LI 86 and 
N246) are at the apex of very tight loops. 
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Inflammation^ regardless of whether it is provoked by infection or 
by tissue damage, starts with the activation of macrophages which 
initiate a cascade of iniflammatory responses by producing the 
cytokines interleukin-l (IL-1) and tumour necrosis factor-ot (ref. 
I). Three naturally occurring ligands for the IL-1 receptor (ILIR) 
exist: the agonists IL-la and IL-ip and the IL-1 -receptor antago- 
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nist ILIRA (ref, 2), IL-1 is the only cytokine for which a naturaUy 
occurring antagonist is known. Here we describe the crystal 
structure at 2.7 A resolution of the soluble extraceUular part of 
type-I XLIR completed with ILlRA, The receptor consists of three 
iimnunoglobulm-like domains. Domains 1 and 2 are ti-hUy 
K 1; ^"u/rf^ ^ completely separate and connected 

by a flexible hnker. Residues of all duree domains contact the 
antasomst and include the five critical ILlRA residues which were 
idenofied by site-directed mutagenesis^, A region that is impor- 
tant for biological function in IL-ip. the Weptor trigger site' is 
L''^"?, receptor in the ILlRA complex, 

ModeUmg studies suggest that diis IL-l p trigger site might induce 
a movement of domain 3. 

A soluble form of the IL-1 receptor, comprising residues 1-311 
was expressed in insect cells and purified bv affinity 
chromatography\ The soluble receptor was mixed with recombi- 
nant ILlRA at a ratio of 1:1 and was crystallized f^om30% PEG3350 
at pH 7 0-7.5r The structure has been solved by a combination of 
molecular replacement and heavy-atom derivatives and has been 
refined at 2.7A resolution to an R factor of 21.1% {R^ = 31 4%) 
with excellent geometry (see Methods and Table 1). A representative 

f f """^'"^^ squashed multiple isomorphous replacement 
(MIR) electron density map is given in Fi<', 1. 

The ILIR molecule resembles a question^'mark which curls round 
the ILlRA molecule held in its centre (Fig, 2a). The ILlRA consists 
of a six-stranded P-barrel closed at one side by three P-hairpin loops 
and IS simUar to the structure of the free molecule we solved 
previous!/. The root-mean-square (r.m.s,) differences in alpha 
carbon (Ca) positions between bound and free ILlRA are 0,7 A 
and 0.8 A, respectively for the two independent ILlRA molecules 
present in the crystals of the free ILlRA. The largest differences in 
the antagonist occur in the loop comprising residues 51-54 This 
loop interacts with the third ILIR domain but is partially disordered 
in the free antagonist. Upon binding to ILIR, there is a rotation of 
the side chain of Glu 52 away from the receptor, a rotation of the side 
chaui of His 54 towards the receptor, and a change in conformation 
from CIS to trans for Pro 53. Other differences in atomic position 
greater than 5.0 A involve solvent-exposed, flexible side chains, 
namely those of Lys 64, GIu75, Arg77, Lys 93, Lys96, Asp 138* 
Glu 139 and Lvs 145. 

As predicted^ the folding of the three ILIR domains, consisting of 
a sandwich of two p-sheets, resembles the folding of immunoglo- 
bulin domains. The topology of domains 1 and 2 (residues 1-94 and 
106-198) is distantly related to the telokin 1-set^ topology, although 
it diverges significantly from the canonical I-set struaures. A P- 
bulge is present between residues 8 and 1 1 in strand a of domain 1 . 
The bed sheets in domains 1 and 2 are very short, with strand 
lengths of only 3-4 residues. Strands g and fin domain 2 are long 
and have extensive contacts with domain 1. Residues involved are 
Glu 18, Gin 50, His 55 and Val 64 of domain 1, and Tyr 182, Leu 183 
Tyr 187, Pro 188 and Thr 190 of domain 2. Domains 1 and 2 are 
linked through a well-defined P-turn between Pro 98 and Asn 99 
which lies on top of the agfcc' sheet (Fig. 2b). Domains 2 and 3 are 
connected through an extended, flexible linker. 

The electron density maps clearly indicated four carbohydrate- 
binding sites at Asn 173, 213. 229 and 243, The electron density 
quickly disappears after the first A/-acetylglucosamine unit, indicat- 
ing that most sugar units are disordered. The first attachment sire, 
Asn 173, is at the surface of the second domain and its sugar chain is 
facing the solvent. The other three attachment sites (Asn 213, 229 
and 243) are at the surface of domain 3, and in the natural situation 
their sugar chains will be close to the cell membrane. Interactions of 
these sugar chains with the membrane could help to stabilize the 
orientanon of the ILlR with respect to the membrane. 

Alignment of the sequence of the extracellular part of the type-I 
ILIR with homologous proteins (Fig. 3) reveals a number of 
conserved sequence motifs; the conserved disulphide link and 
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tryptophan, present in the core of many immunoglobulin domains, 
are absolutely conserved with the exception of ILlR-related protein 
(ILIRR). A motif that appears to be specific for the ILlR family 
domains 1 and 2 is a proline immediately after the first cysteine of 
the conserved core disulphide Unk. This proline disrupts strand b 
and is responsible for the very short bed sheets observed in domains 
1 and 2 of the ILIR. The presence of Asp 20 and Arg 22 on strand b I 
at positions usually occupied by highly conserved hydrophobic 
residues is unusual. The two residues form, together with Ser 14, a 
hydrophilic cluster in what would otherwise be the hydrophobic 
core. Almost perfectly conserved is a DxGxYxC motif at the 
beginning of strands fl and f^. This motif indicates the presence 
of a D4 tyrosine corner and is found in many immunoglobulin 
variable domains'. The cysteine of the motif (76 and 176 in ILIR) is 
part of the core disulphide link. The hydroxyl of the tyrosine makes 



a hydrogen bond with the carbonyi oxygen of residue « — 4, usually 
Asp. In domain 1, this Asp makes a salt link with a conserved Arg at 
the beginning of strand d. The conserved Gly residue in the motif 
allows the main chain to curve around the tyrosine side chain. 
Although a D4 tyrosine comer is not present in ILl R domain 3 (the 
Tyr has been replaced by a Phe and there is a one-residue insertion), 
the overall conformation of the main chain is similar. Glu 18. at the 
beginning of strand bl, and Thr 190, halfway along strand g2, make 
a hydrogen bond in ILIR. These residues are conserved in all 
sequences, except FGR4, suggesting that the hydrogen bond 
between them is conserved as well. This would mean that the 
orientation of domain 1 with respect to domain 2 is similar in 
these proteins. We conclude from the presence of these common 
sequence motifs that the proteins listed in Fig. 3 are all similarly 
folded. 




Rgure 1 Stereo view ot the squashed MIR map 
model of the ILIRA is shown in yellow. ILIft is in green 



contoured at W. Shown is the receptor-antagonist interface in the region around Trp 16 of the antagonist. The refined 



Table 1 Crystal log rap hie data 



Native 

73.407 
15,631 
2.7 
97.2 
6-0 



Data collection and phasing statistics 
Data set 

Measured reflections 
Unique reflections 
Resolution (A| 
Completeness {%) 

Binding sites 
Phasing powert 

Mean figure of merit 

Refinement statistics 

Number ot protein atoms 
Number of sugar atoms (NAG) 
Number of water moelcules added 
Resolution range 
Data cutoff 

R factor (number of reflections) 

iree (number of reflections) 
RvmA {number of reflections) 
Average temperature factor 

R.m.s. deviations with respect to ideal (target) values 

Bond lengths 
Bond angles 
Dihedrals 
Imp ropers 



0.47 



Hg(CN}2 

71.530 
15.725 
2.7 
98.2 
6.0 
22.3 
1 

1.29 
0.58 



3.638 
56 
86 
8.0-2.7A 
None 
21.1% (13.487) 
31.4% (1.525) 
22.2% (15.012) 
45.2 A^ 



0004 A 
26,5' 



KaPtCU 

66,081 
14.086 
2.8 
98.5 
6.8 
14.8 
2 

0.91 
0.63 



Hg(CN)^ 

43.056 
10.835 
3.0 
92.4 
Z5 
39.7 
3 

0.68 
0.69 



NAG. A/- acetyl glucosamine. 



t Phasrrig"power ~ I | /L^, I lack ot closure!. uica\/v^ 
= (lack oi closureWisomorphous difterences) (or cenutc renections. as calculated Dy MtMVT 



A? = ^— >./ t F 0,5, F -ij, I f^a; I 
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A large area of 1,774 of the ILIHA. surface and 1,767 of the 
receptor surface (calculated by using DSSP*) gets buried upon 
receptor binding (Fig. 4). This area corresponds to about 20% of 
the total surface of ILIRA and may explain the tight binding 
(— 10 J^)* of antagonist to the receptor. 

Xhe ILlRA molecule interacts with all three receptor domains. 
Leu 25, Arg26, Asn 27, Glu 29, Leu 42 and Pro 130 contact strand a 
and loop be in the N-terminal half of receptor domain I. The loop 
comprising residues 34-39, which is fully exposed in the crystal 
structure of free IL1RA\ fits in the cleft between domains 1 and 2. 
Arg 14> Trp 16, Val 18, Asn 19, Gin 20, Ala 127, Asp 128, Tyr 147 and 
Gin 149 contact strands of both sheets of the /3-sandwich of domain 
2. Finally, Ser 8, Lys 9, Pro 50, He 5 1 , Pro 53, His 54, Leu 56, Glu 1 50 
and Asp 151 contact loops be and fg at the top of domain 3 (Fig. 2). 

The interactions between the ILIR and the antagonist are mainly 
polar in character. We observe only three hydrophobic contacts 
(Table 2). Surprisingly, despite the many charged residues on the 
ILIR and the antagonist, we find only two direct and one indirect 



T able 2 Selected interactions (rf £ 3.5 A) between the IL1 R and IL1 RA 

Side-chain-side-chain interactions Interactions involving the main chain 



Receptor 



Antagonist 



Salt links 

Glu 8 Afg26 

Arg 268 Glu 150 

Hydrogen bonds 

Tyr 124 OH Asp 128 o52 

Sef235 0T Gln1lO«1 

Hydrophobic contacts 

lie 10 Leu 42 

Leu 198 Trp 16 

Pro ^^3 Tyr 147 



Receptor 



Antagonist 



Receptor side chain lo antagonist main chain 
Lys 9 Leu 25 

Glu 126 Ala 127 

Tyn24 Tyr 34 

Arg 160 Val 18 

Receptor main chain antagonist side chain 
lie 11 Asn 39* 

Val 13 Gin 36' 

Ala 106 Gin 36 

Lys 111 Trp 16 

Lys 111 Gin 20* 

Gtyll9 G(n20 

Receptor main chain to antagonist main chain 
He 107 Gly37 
Asn 296 Pro 53 

Thr297 His 54 



"These residues make two hydrogen bonds: one from the side-chain amide lo the main- 
chain cartx>nyl, and one from the side-chain caribonyi to the main-chain amide. 




Figure 2 Structufe of the ILlR .lLARA complex, a, Ribbon diagram^. Shown are 
X^C views of the complex. 90* apart. The antagonist is yellow, the receptor 
domains L 2 and 3 are red, green and blue, respectivety in the full-length receptor. 
I jj^g c terminus of domain 3 (blue) is connected to the membrane-spanning 
I domain. This means that in the natural situation, the membrane will be near the 
i boiiom of the hgure. b. Topology of the ILl R. The secondary structure elements 
i hav'e been determined by DSSP^. The lengths of the strands are propoaional to 
! the number of amino acids they contain. Receptor residues that are buried by the 
j ligjind ace indicated by a star 
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Rgure 3 Sequence alignment of the extracellular portion of the ILIR with the 
extracettuiar portions of 5 homologous proteins. )L1R. rype-1 IL-I receptor ILlS, 
type-tl IL-l receptor. IL^RR. IL-t-receptof-retated protein: AcR IL-1 -receptor 
accessory protein: ST2, ST2 protein: FGR4, fibroblast growth factor receptor 4. 
The cysteines and tryptophans that are conserved in most immunoglobulin folds 
are indicated in dark blue. Also highlighted are rhe prolines immediately following 




Rgure 4 Space-filling model of bound IL ^ RA, Residues shown by mutagenesis to 
be important for receptor interaction^ are in red. other residues that are buried by 
the receptor are in blue, and those that do not interact with the receptor are in 
yellow. The five residues defined by site-directed mutagenesis are right in the 
centre of the area that is buried by the receptor in the crystal structure. However, 
the contact area dehned by the mutagenesis studies is only 29% of the area 
defined by the crystal structure, suggesting that many of the contacting residues 
contribute less significantly to the overall binding energy. 



conserved cysteine, which appear to be conserved in the panicular Immunoglo- 
bulin foid of lL-1 domains 1 and 2. Highlighted in green are 5 conserved cysteine 
pairs which, based on the ILI R structure, are likely to form disutphide bonds. 
Other highly conserved residues are indicated in blue. Conserved glutamic acids 
and threonines, which are probably involved In a hydrogen bond t>etween 
domains 1 and 2, are indicated in red. 




Figure 5 Comparison of the ILlR (left) and HGHR (right) complexes. (LIRA is 
Shown in yellow, ILIR in green, HGH in red and the two HGHR molecules in blue 
and magenta. The two receptors use opposite faces of the immunoglobulin 
domains to bind their ligands. 
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salt link (Lys 1 1 R and Glu 43A are linked thro agh a water molecule). 
Some oppositely charged side chains (Lys 129R-GIu 126A. 
Lys 295R-GIU 52A. Lys 295R-Glu 90A) are less than about 8 A 
apart, but do not seem to make any direct interactions. It may be 
that for these residue pairs, the gain in electrostatic energy is offset 
by a loss of entropy. This idea is supported by a mutagenesis study 
that shows that one of the salt links in the crystal structure of human 
growth hormone complexed to its receptor*^ contributes little, if 
anything, to the overall binding energy, an effect the authors ascribe 
to entropy loss. 

We observe only two side-chain-side-chain hydrogen bonds 
between the receptor and the antagonist. Most of the hydrogen 
bonds between antagonist and receptor involve main-chain carbo- 
nyl or nitrogen atoms (Table 2). Of special interest are the double 
hydrogen bonds made by Gin 20, Gin 36 and Asn 39 of the antago- 
nist with the backbone of the receptor, which suggests that these 
residues may contribute significandy to the overall binding. The 
potential advantages of using main-chain atoms for receptor- 
ligand interactions are twofold: the main chain is usually more 
rigid than the side chains so that the entropy loss for the main chain 
will be less than for side chains; and interactions involving main- 
chain atoms depend less on the sequence and more on the overall 
folding than interactions between side chains, which may explain 
how the ILIR is able to bind its three natural ligands, IL-la, IL-lp 
and ILl RA with high affinity, despite the low sequence identity (20- 
25%) between them. 

The crystal structure of the receptor complex fully explains the 
published mutagenesis studies, ILlRA residues Trp 16. Gin 20, 
Tyr34, Gin 36 and Tyrl47, identified as critical for antagonist 
binding^, are ail in direct contact with the receptor (Table 2; Fig 
4). The same residues (Tyr, Trp, Gin) are present in the YWQPWA 
consesus sequence, identified by affinity screening using phage 



/ .V . 



IL-1[3 



Gtu249 



iP248 



display peptide libraries**. The indole side chain of Trp 16 is 
completely buried by the receptor and makes a hydrogen bond 
with the carbonyl oxygen of Lys 1 U. The side chain of Gin 20 makes 
two hydrogen bonds with the receptor backbone. The side chain of 
Tyr 34 makes no direct contacts of less than 3.5 A with the receptor 
It does fkce a hydrophobic region on the receptor surface, consisting 
of the side chauis of Phe 108, Val 121. Pro 123 and Tyr 124. The side 
chain of Tyr 34 is tighUy fixed in position by a hydrogen bond with 
the carbonyl oxygen of Asn 19 and its carbonyl oxygen makes a 
hydrogen bond widi the hydroxyl group of Tyr 124. The Gin 36 side 
Cham is found in a pocket between receptor domains 1 and 2 and 
makes three hydrogen bonds with the receptor backbone These 
hydrogen bonds and die restriaed pocket clearly explain the large 
loss of binding affinity associated with the Gin 36 Phe mutation 
Finally, the hydroxy! of the critical Tyr 147 binds to a network of two 
fixed water molecules on top of loop be of receptor domain 2 

The binding of ILlRA in the ILlR complex is fbndamentally 
different f^om the binding of ligands in the cytokine- receptor 
complexes whose three-dimensional structures are known In the 
tumour necrosis factor-p (TNF-P) complex»\ three elongated 
receptor molecules are bound to the ligand and the receptor 
domains do not possess an immunoglobulin fold. In the receptor 
complexes with human growth hormone (HGHR"), interferon-7 
(IFN^R^^) and erythropoietin peptide (EPOR'^), the ligand binds to 
the outside of die elbow between two immunoglobulin-like 
domains of the fibroneain type and is sandwiched between two 
receptor molecules (Fig. 5). In the ILlRA complex, die receptor has 
three unmunoglobulin-like domains and the ligand binds to the 
inside of the elbow formed by domains 1 and 2. 

Another way in which the ILl R differs from HGHR, IFN7R and 
many other proteins with immunoglobulin-like domains is in the 
mteractions between its domains. Most immunoglobulin-like 



Domain 1 



Domain 2 



isp25i Domain 3 



IL1RA 

(90° rotated) 




Domain 3 



Figure 6 Model obtained after superimposing IL- 1 p onto ILl RA in the complex. IL- 
lp i:5 indicated in magenta and the receptor in green. After tfiis superposition, a 
region of positively charged residues (Arg 4. Lys 92. Lys 93 and Lys 94) In IL-lp is at 
a distance of -15A from a region of negatively charged residues (Asp 248. 
Gla249. Asp 251. Glu 256 and Asp 257) in domain 3 of ILlR but do not directly 
interact with them. Modelling studies (not shown) suggest that upon movement of 
IL 1 R domain 3, these two regions interact directly. A dehnitive answer must come 
from the crystal structure of the ILlR-tLlp complex. 



Figure 7 Solvent-accessible surface of the ILlR, coloured according to the 
electrostatic potential using GRASP=«'. The contours run form -^KqT (red) to 
-+-5^B7"(bIue). where Kq is the Boltzmann constant and T the absolute tempera- 
ture. The ILlRA molecule is peeled off and rotated by 90° to show the receptor- 
binding region. 
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* domains are connected bv relatively short linkers which allow 
; flexibility while maintaining contact between the domains. 
Domains I and 2 of ILIR are close together and have tight and 
extensive contacts. The upper halves of strands (2 and g2 (Fig, 2) in 
j particular have more contacts with domain I than with domain 2 to 
\ which they belong. The centres of mass of domains 1 and 2 are A 
; closer in ILIR than they are in HGHR. Judging from the crystal 
structure, it seems unlikely that domains I and 2 are able to move 
with respect to each other, suggesting that domains I and 2 could 
behave as a single module. The connection between domains 2 and 
I 3, on the other hand, is a long and flexible linker with no direct 
; contacts between the domains. We would therefore expect that 
I domain 3 is able to move with respect to domains 1 and 2 when no 
\ Ugand is present. 

: An IL-1 -receptor-like protein, the ILIR accessory protein, may be 
j involved in the IL- 1 response^*". Association of this accessory protein 
' with the complex of the ILIR with the agonists IL-la or IL-ip is 
j believed to trigger the receptor response. The accessory protein 
1 might need binding sites both on the IL I R and on the agonists IL- la 
or IL-lp, or alternatively, the agonists may induce a conformational 
change in the receptor which allows binding of the accessory 
' protein. 

We investigated these possibilities by constructing a preliminary 
i model of IL-lp bound to the receptor, in which the structure of IL- 
( Ip'^ was superimposed onto ILlRA in the complex by means of a 
j procedure described before^ We compared this model of the 
1 complex with the extensive mutagenesis data available for lL-lp^ 
i Some IL-ip residues that are important for binding (Arg 1 1, His 30, 
Asn 108 and Glu 128) are all close to the receptor after super- 
imposition and face receptor domains 1 and 2, indicating that 
similar regions on the surface of IL- 1 p and IL I RA may interact with 
receptor domains 1 and 2. 

■ The situation is quite different for residues facing domain 3. 
Whereas Lys92 and Lys94 are part of the proposed receptor trigger 
site", after superimposition they are facing the solvent and do not 

j interact with the receptor. They are part of a highly positively 
j charged region on IL-Ip involving Arg 4, Lys 92, Lys93 and Lys94, 
about 15 A away from a region rich in negative charged on the 
I receptor, involving Asp 248, Glu 249, Asp 251, Glu 256 and Asp 257 
. (Fig. 6). Electrostatic calculations (Fig. 7) indicate that this negative 
j patch, together with a negative patch on top of domain 1, are the 
, strongest features on the relatively featureless electrostatic surface. 
The close complementarity of the positive and negative sites 
suggests that they might interact directly with each other. A rotation 
j of domain 3 of —20° would bring the two sites together. The flexible 
linker between domains 2 and 3 allows such a rotation, which would 
. make the conformation of the ILlp-receptor complex more closed 
- than that of the ILlRA-receptor complex, inducing binding of the 
accessory protein and hence activation of the receptor. Without a 
crystal structure of the ILip-receptor complex, however, we cannot 
; exclude the possibility that the accessory protein will simply bind 

■ between the two charged regions. 

; To test the importance of domain 3 for agonist and antagonist 

■ binding, we prepared a truncated receptor consisting only of 
j domains I and 2. This truncated receptor binds IL-la and IL-lp 

j with low affinity (dissociation constant (K^) values of 7 piM and 

> 10 jjlM, respectively) whereas it binds ILlRA with high affinity (/Ca 
: 28 nM). This shows that agonists, but not antagonists, need domain 
; 3 for high-affinity binding and suggests that domain 3 strongly 

interacts with IL-l agonists. 

Residue 145 (Asp in IL-lp, Lys in ILlRA), which is crucial in 
j determining agonist or antagonist activity"*, does not interact 
1 directly with the receptor, either in the ILlRA complex or in 
' our model of the IL-lp complex (Fig. 6), suggesting that this 

residue might be important for interaction with the accessory 

protein. 

The structure presented here illustrates in detail a new binding 



mode for cytokine receptors and provides insight into the possible ! 
differences between agonist and antagonist interaction. Q . 



Methods j 
Equipment and crystals. The ILlR-antagonist compIe.x was crystallized as 
described\ Native and heavy-atom data were recorded with a Siemens XlOOO ] 
area detector, mounted on a Siemens rota ting-anode generator equipped with ^ \ 
copper anode and graphite monochromator. operating at 50 kV and 90 mA. I 
The crystals had dimensions of —0.2 X 0.3 X 0.5 mm' and one crystal was 
used per data set. Data were processed using XUS software'\ The space group 
was P2,2,2„ with a = 47.2 A, b = 84.6 A and c = 140.2 A. 
Structure solution. The structure was solved with a combination of molecular 
replacement and heavy-atom derivatives. For molecular replacement, we used 
the AMoRe package-*^ and data between 1 5.0 and 4.0 A. The structure of the free 
[LIRA as solved by us"" gave clear solution with a correlation of 25.8% 
(/J factor = 5J.3%). We tried struaures of various protein domains with 
immunoglobulin folds but most of them did not produce any clear signal, 
probably because these models were too different from the receptor domains 
and because one receptor domain represents only a small fraction of the total 
contents of the asymmetric unit of the crystals. A truncated mode! of the first 
CD4 domain-', however, gave a correlation of 29.2% in combination with the 
ILl RA model (R factor 50,3%). The maps, based on this partial model, were not ' 
readily tnterpretable and it was therefore decided to search for heavy-atom 
derivatives. We obtained two independent heavy-atom derivatives and one 
double derivative. Scaling of heavy-atom derivative data, calculation of 
Pattersons and refinement of heavy-atom parameters were done by using 
programs from the CCP4 suitc^. Heavy- atom positions were located in 
difference Patterson maps and the parameters were refined with HEAVY-\ 
Phases were calculated with MLPHARE'V Cross -difference Fouriers were used 
to define a common origin and to confirm the sites. Difference fouriers using 
phases from the partial model, obtained by molecular replacement, did not 
reproduce the sites, indicating that the mode] phases were rather poor. This is 
most probably caused by the large fraction of the diffracting maner (two 
receptor domains), which is missing in the partial model. However, phased 
translation functions'^ using phases from the panial model and single iso- 
morphous replacement (SIR) phases calculated with the Hg(CN), and K^PtCU ' 
derivatives, defined a common origin and indicated the correct hand for the ' 
heavy-atom solution. The MIR map, calculated with three derivatives, was j 
improved by solvent flattening and histogram matching using SQUASH-*. Map | 
interpretation and model building were done using the program O^'. The 
model of ILlRA needed only minor rebuilding, but the model of the truncated 
CD4 domain needed major rebuilding to become an ILIR domain; two 
additional receptor domains had to be built from scratch. The structure was 
refined by simulated annealing and energy minimization using X-PLOR'". The 
final model contains residues 7-151 of the ILlRA and residues 1-311 of the * 
ILIR. i 
Binding studies. Truncated receptors were expressed on the surface of CHO ^ 
cells and radtolabelled peptides vvere used for competitive binding'*. | 
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Viable offspring derived from 
fetal and adult mammalian 
cells 

I. Wilmut, A. E. Schnieke, J. McWhir, A. J. Kind 
& K. H. S. Campbell 



Nature 385, 810-:813 (1997). 

In this Letter in the 27 February issue, a production error led to the 
image for part b of Fig, 1 (fetal fibroblasts) being used twice, as parts 
b and c. The correct image for Fig. Ic (mammary-derived cells) is j 
shown below, and is also on the Nature web site and in reprints. 
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